Some molecular orbital calculations of NMR chemical shifts. by Ebraheem, Kais Abdul Kareem.
So m e  Mo l e c u l a r  Or b i t a l  Ca l c u l a t i o n s  
o f  NMR Ch e m i c a l  Sh i f t s
A Thesis
submitted to the University of Surrey for the degree of 
Doctor of Philosophy in the 
Faculty of Biological and Chemical Sciences
by
Kais Abdul Kareem Ebraheem 
MSc (Spectroscopy)
Spectroscopy Section 
Department of Chemical Physics 
The Faculty of Biological and 
Chemical Sciences
University of Surrey March 1977
ProQuest Number: 10798412
All rights reserved
INFORMATION TO ALL USERS 
The qua lity  of this reproduction  is d e p e n d e n t upon the qua lity  of the copy subm itted.
In the unlikely e ve n t that the au tho r did not send a co m p le te  m anuscrip t 
and there are missing pages, these will be no ted . Also, if m ateria l had to be rem oved,
a no te  will ind ica te  the de le tion .
uest
ProQuest 10798412
Published by ProQuest LLC(2018). C opyrigh t of the Dissertation is held by the Author.
All rights reserved.
This work is protected aga inst unauthorized copying under Title 17, United States C o de
M icroform  Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 4 81 06 - 1346
SUMMARY
The main object of the present work has been to calculate nuclear 
magnetic shieldings for X1B, 13C, 1HN (or 1SN), 170 and 19F nuclei in a 
wide variety of organic and inorganic molecules with a view to the 
understanding of the various electronic factors Influencing the observed 
shieldings.
In Chapter 1, current theories of nuclear magnetic shielding are 
briefly reviewed. A survey of various semi-empirical molecular orbital 
treatments of magnetic shielding is presented in Chapter 2 with particular 
emphasis .on those employed in the present work, namely Pople’s GIAO-MO 
procedure and the ’Uncoupled Hartree-Fock’ method.
In Chapters 3-6, Pople’s GIAO-MD method has been successfully applied 
for the calculation of chemical shifts, shielding constants and their 
anisotropies for B, C, N, 0 and F nuclei in a variety of electronic 
environments. Reasonable agreement with experimental data is obtained in 
most cases. The results of comparable calculations based on the 
’Uncoupled Hartree-Fock’ method are also reported for comparison purposes.
Finally, by means of selected examples, it has been demonstrated 
that a study of contributions to the paramagnetic shielding tensor due to 
various singlet electronic transitions may lead to a better understanding 
of the various factors governing the observed shieldings.
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CHAPTER ONE
In t r o d u c t i o n : C u r r e n t  T h e o r i e s  
N u c l e a r  Ma g n e t i c  Sh i e l d i n g
1.1 Introduction
The nuclear magnetic shielding of a nucleus provides the basis for 
an understanding of its electronic and molecular environment. By studying 
the NMR spectra of various different nuclei in a given molecule it is 
possible to obtain intimate knowledge of the electronic distribution and 
structure of that molecule.
A reliable theory of nuclear magnetic shielding will have a number 
of chemical applications. In particular the identification of 
conformation or structure of the species present in a given sample by 
comparison of the observed and calculated shieldings.
Many semi-empirical theories of nuclear magnetic shielding are 
concerned with the reproduction of relative chemical shifts trends. Thus 
many of the inaccuracies introduced by the relevant approximations cancel 
when considering small changes among closely related molecules and 
agreement between theory and experiment is often reasonable. A more 
severe test of a theoretical treatment is that it should provide good 
absolute agreement with experiment for individual components of the 
shielding tensor. If this can be achieved then, in addition to good 
absolute agreement with the average experimental value of the shielding 
tensor, a reasonably accurate prediction of its anisotropy should also 
be forthcoming.
Experimental measurements of the shielding anisotropies are becoming 
more readily available due to new instrumental techniques. Since the 
anisotropy is a difference between tensor components it does not need a 
reference point and thus can readily be compared between various 
theoretical treatments. -
Due to the advent of new instrumental technique for signal 
enhancement, nuclear magnetic shielding data are now commonly available 
for such nuclei as 13C, llfN, 15N and 170 which are found in the molecular 
skeleton^ These data supplement those found for JH and 19F which 
usually occupy more peripheral molecular sites.
The present work deals with the calculation of nuclear magnetic 
shieldings for nuclei other than protons in large polyatomic molecules 
with a view to the understanding of the various electronic factors 
influencing the observed shieldings in the molecules concerned. The 
results of such calculations are compared with the available experimental 
data and with other theoretical treatments where appropriate.
Consequently, current theories of nuclear magnetic shielding are briefly 
reviewed here to facilitate such comparisons.
In order to avoid undue repetition it is understood that all chemical 
shifts quoted are in ppm, and that shifts to high frequency of a reference 
nucleus are positive ones. SI units are used throughout unless otherwise 
indicated.
1.2 Basic considerations of nuclear magnetic shielding
It is customary to consider the shielding tensor for a nucleus in an 
isolated molecule in the manner suggested by Ramsey^ by means of second 
order perturbation theoiy in which the second order perturbation energy 
is expressed as
E(2)»!> V  - I , {1’1}
where a and $ are subscripts labelling the three cartesian components
(x, y or z), are the elements of the shielding tensor for a given 
nucleus A which possesses a nuclear magnetic moment y^, B is the applied 
external magnetic field. Accordingly cr^ is expressed as a second 
partial derivative of the energy with respect to the corresponding 
components of B and y^ as
a3
32E (2)(B,Wa)
3Ba3tJAB
{1.2}
ua =b=o
The total energy of the system is described by the many electron 
Hamiltonian, which in the presence of a magnetic field is written as
3 t  = ^ - X
2m k 7  Vk “ eAk «
+ V(r) {1.3}
ftHere each momentum j- must be corrected for the motion of the corres­
ponding electron in the potential field A^. A^ .(r) is the vector potential
thassociated with the k electron and is given by
V r) = l BA<rk - ro} + ^  ^ A ArlP/lrkS !
{1.4}
The vector defines the distance from the k electron to the nucleus
under consideration whereas r defines the distance from that nucleus too
the origin of the vector potential.
In its more general foim the components, o^, of the shielding tensor 
f7}are given by ^ J:
a3 “ °ag C1) + (2) + (1) + (2)'a3 ' a3  ^' a3
{1.5}
The terms on the right-hand side of equation {1.5} are defined by:
aa$ ^
y 2 o e
4tt 2m <0l[rk'3(rk25aB -■rtark8)|0>
11.6}
e2 <0|lr. 
4ir 2m k
- 3
i (r rlfl - r 'r, 6 o)|0> k v oa k3 oy ky a3 {1.7}
Ho si.
4tt 2m2 n  ^°! k rk LkaIn><nIJLkg10
♦ < 0 1 1 ^ 1 ^ 1 1 ^ -  Lkal°>](En - Eo)
-1
{1.8}
+ <0|IP, J n x n l l r - 3L. |0>](En - E J
-1
k6 k ka1 n
{1.9}
In equations {1.6} to {1.9} the symbols y , e and m denote
respectively the permeability of free space, the electronic charge and
"thmass, r^ is the distance of the k electron from the nucleus under
"*L*
consideration, r^A y  V-jP and P^(= m ^ ] p  are orbital angular and
thlinear-momentum operators for the k electron. |0> refers to the 
unperturbed electronic ground state of the molecule and |n> to the 
excited states with energies of Eq and En respectively. The summations 
in equations {1.8} and {1.9} are taken over all of the excited states 
including the continuum, 6 ^  is the Kronecker delta and  ^ is the 
alternating tensor (= 1 if 8y6 is an even permutation of xyz, = -1 for an 
odd permutation and = 0 if any two of the labels 3yS are identical) .
In obtaining equations {1.5} to {1.9} the nucleus of interest is 
placed at the origin of the coordinates and the origin of the vector 
potential of the uniform external magnetic field appears at a point whose
position from the coordinate origin is described by the vector rQ . In
d *dthis manner the expressions (2) and aa  ^ (2) are seen to be dependent 
upon the origin of the vector potential. Consequently equations {1.7} and 
{1.9} are gauge dependent.
Equations {1.5} to {1.9} can readily be applied to atoms. However, 
when applied to molecules many difficulties are encountered^. The 
first difficulty is that, in general, little is known about the molecular 
eigenfunctions of either the high energy discrete states or the continuum 
of a molecule. From the few detailed calculations reported on simple 
molecules it appears that contributions from the continuum may be at 
least as important as those from the discrete s t a t e s T h e  second 
difficulty follows from the first. In an atom it seems logical to choose 
the origin of the vector potential as the atomic nucleus, but for a 
molecule this choice is not so easily made. It is not obvious whether to 
choose the origin as one of the nuclei, as the molecular centre of mass, 
as the electronic centre of charge, or as some other point. Should an 
exact knowledge of the ground and the excited states of a molecule become 
available which permit an accurate evaluation of the infinite sums in 
equations {1.8} and {1.9} then the calculated nuclear magnetic shielding 
constants will be independent of the choice of the origin of the vector 
potential.
For medium sized molecules, RamseyTs approach is disadvantageous in 
that the diamagnetic and paramagnetic terms become large and of opposite 
sign. Consequently the calculation of the resulting nuclear shielding is 
likely to be considerably in error.
The theory of nuclear magnetic shielding can be more conveniently 
developed within the framework of the LCAO-SCF-lblecular Orbital theory, 
where the electronic ground state wave function - Y of a closed-shell
molecule with 2N electrons is expressed as a normalized single Slater 
determinant of doubly occupied Molecular Orbitals (MO’s) ijj^ as:
(2N!)"2
(1)iPi CD
(2)^i (2)
ip1(2N)^1C2N) . . . .  ^ ( 2 N)$n (2N)
{1.10}
is usually written as .. . ^ ^ 1  • The M0Ts are approximated as a
Linear Combination of Atomic Orbitals ($ ’s) by writing to. = EC .d) . The
P... 3 . 3 y PJ P
Antisymmetrized Product (AP) of the M3*s in equation {1.10} represents 
one possible configuration or assignment of electrons to molecular spin 
orbitals, namely the ground state configuration. In excited configurations 
electrons are assigned to higher molecular spin orbitals to form other AP’s 
In the case of degenerate configuration, a set of several AP’s is often 
required to form the proper excited state wave functions.
The various integrals in Ramsey’s expressions {1.6} to {1.9} become
integrals involving determinantal wave functions. The reduction of these
many electron expressions to one electron matrix elements is facilitated
by the use of the so-called ’Slater-Condon’ Rules As a
consequence of the one electron nature of the perturbation, only one
electron operators are involved. Using these rules it can be shown that,
for one electron operators like EL, , the only excited states v that can
k K n
give non-zero matrix elements in equations {1.8} and {1.9} are those
described by singly excited spin singlet configurations in which an
electron is promoted from an occupied orbital i|n to an unoccupied one \|^ .
Such singlet excited states are described by the function:
Hence, for any one electron operator we have:
occ
« U I  M-l'P > = , 2 l <i|/.(l) |Mj |<K (1)>
1 j J J
<>foI I { < t p - a ) ' l M 1|ipkCX)>}
2 J J . J
{1.12}
1 is a dummy index of integration. Where there is no risk of confusion, 
this index is omitted in subsequent expressions. Therefore, within this 
MD framework, is given in terms of:
A 1-U ~2 OCCd,.., ^ o e v i-3
o o (1) - ------- I <i|>. |r (r26 « - r r0) |ip.>a& 47r m2 j y3 ] a
{1.13}
j y 2 occ
a o (2) = ---------£ <ip. |r 3(r rQ - r r 6 Q)|f.>
4tt m 2 j J oa  ^ °Y Y 3
{1.14}
u o occ unocc ,
—  —  I l - »E )_1
2 J t 3 o^4tt nr j k
{1.15}
" c / C2)
^o e2 occ unocceD. - r I I (‘E^ - >E )_1 
4tt m2 W  j k 3 °J
{1.16}
The electronic singlet transition energies (*Ej - 1Eq) are expressed as:
Where £j are the SCF orbital energies, and are respectively 
the molecular exchange and Coulomb integrals defined by:
Jjk
^j * CO \ *  (2) (1/r 12) (1) (2) dr idr2 
♦,*(1)VP) (l)^k C2)dridr2
{1.18}
In this approach, the difficult paramagnetic expression is more 
conveniently written in terms of a restricted sum over excited singlet 
states. However, contributions arising from the high energy excited 
states, which are often significant, are likely to be considerably in error 
at this level of approximation. One possible refinement is the inclusion 
of Configuration Interaction, but this often makes the calculation of 
nuclear magnetic shielding prohibitively complicated even for the simplest 
molecules. Moreover, a significant gauge dependence occurs if the basis 
set of atomic orbitals used are incomplete.
Usually further approximations are introduced as discussed in 
Chapter 2.
1.3 Calculations giving gauge-dependent results
Coupled Hartree-Fock perturbation theory has been employed for 
calculating shielding constants, particularly of diatomic molecules 
Only a brief introduction to the method is presented here.
The one electron perturbation caused by the applied external field 
is introduced into the molecular Hartree-Fock Operator and the resultant 
coupled Roothaan Hartree-Fock equations are solved for self consistency 
to the second order in the energy.
In the absence of the perturbation the SCF-MD’s are determined from 
the solution of the set of coupled one-electron Fock equations:
F<°y°> = J oy°:> {1 .1 9}
3 3 3
The LCAO approximation to these SCF orbitals leads to the Roothaan 
Hartree-Fock equations:
l (FW  - 4 0V 0i:))c(-,<?-) = 0 . . (ji = l,2,...m) {1.20}JIV- 3 pv J vj 99 J
which can be written in matrix notation as
■p(o)c (o) = s (o)c (o)E (o) {1.21}
ri5iwhere the various matrix elements have their usual meaning ^ J.
In the presence of an external magnetic field, the Fock operator F,
the orbital enerties and the SCF-MD’s are expanded to give a series of
perturbation equations. The first order equation is written as:
(F^3 - J l3) ^ ° 3 = - ( F ^  - {1.22}
• 3 J*3 3 3
The perturbed MD’s are expanded in terms of the unperturbed
SCF-MD's by writing
4 13 = 1 {i-23}k
The first order coefficients, C^?3, can be determined by evaluating 
the matrix elements of F ^ 3 over the unperturbed MD basis and solving 
the resulting coupled Roothaan Hartree-Fock equations:
occ unocc n v
I I {<£j|ki> - <ij|k&> q , J = 0
i I x'1
The components, °a >^ °f the shielding tensor are now given by
aa$
‘tH 111 j_j-
{1.25}
+ ° ze 
- o
lj 0 nrr i mnrr
o 2e
4tt m 2 j K
vhere r and r ’ define the positions of electrons with respect to the 
nucleus of interest and an arbitrary origin respectively. The first term 
in equation {1.25} refers to the diamagnetic contribution and the second 
to that arising from the paramagnetic term.
This coupled Hartree-Fock perturbation theory has been developed by
fl3}Stevens, Pitzer and Lipscomb^ J. It has been employed for the
calculations of various electric and magnetic properties of diatomic
molecules and of small polyatomic molecules . An alternative, but
C17-19')
equivalent, approach is due to Ditchfield, Miller and Pople ^ J where 
the coupled Roothaan Hartree-Fock equations are solved for various finite 
values of the magnetic field strength, and the first order density matrix 
is evaluated numerically using a finite difference technique. The 
perturbed MD’s are expanded in terms of the unperturbed atomic orbitals 
<j>^ by writing
Consequently, the effect of the perturbation upon the MD’s is described 
in terms of changes in the atomic orbital coefficients.
{1.26}
In this approach, cf-, is given by:
{1.27}
yv Ja ry
where
{1.28}
{1.29}
These coupled Hartree-Fock methods suffer from a considerable gauge 
dependence especially when minimal basis sets of atomic orbitals are used. 
This is illustrated by some calculations on small polyatomic molecules
Thus the adaptation of coupled Hartree-Fock methods does not give gauge- 
independent results when used with basis sets of atomic orbitals which, 
at present, are practical for calculations on medium sized molecules.
Although the calculated value of a must be gauge invariant, if it is 
to be reliable, both the diamagnetic and paramagnetic contributions may 
still depend upon the choice of gauge. Consequently a change of origin 
in a series of calculations could lead to differences in these two terms 
whilst leaving the value of a gauge invariant.
In dealing with chemical problems the main interest is in relative 
chemical shifts, both for different nuclei in the same molecule and for 
nuclei in different polyatomic molecules, rather than in absolute shielding
using coupled Hartree-Fock perturbation theory ^  ^ . Even the use of
. (21)
a slightly extended basis set does not dramatically improve the situationv
data. A theoretical procedure v/hich provides gauge dependent results 
leads to problems when relative shieldings for various nuclei are to be 
compared.
In the trivial case of an atom it is most profitable to take the 
origin of the vector potential as the corresponding nucleus. Whereas, 
for a molecule, in order to ensure gauge-independent results, one needs to 
take the origin of the vector potential of each electron as the nucleus to 
which this electron belongs momentarily. This can be achieved by using the 
so-called ’Gauge-Invariant Atomic Orbitals’ as described in the following 
section.
1.4 Calculations giving gauge-independent results
The difficulties associated with the gauge-dependent calculations can 
be overcome by using an approach in which each MO is composed of a linear 
combination of gauge-dependent atomic orbitals as demonstrated by 
P o p l e ^  It is unfortunate that this method has been referred to as
a Gauge Invariant Atomic Orbital (GIAO) approach in the literature. The 
dependence of the atomic orbitals on the gauge, as shown in equation {1.31}, 
provides nuclear shielding data which are gauge independent. The MO's, , 
are given by
{1.30}
where
X„ = <i> exp{-i(e/h) A  (r) *r} {1.31}
where A^(r) is the vector potential associated with the electron in the 
orbital 4> . The nuclear shielding is now expressed as the sum of local
p*
non-local and interatomic c o n t r i b u t i o n s 25>27,28)
a<xB = aaedci0c) + aaBd(nonloc) + °ae<W e r )
+ aaBP^l0c^ + CTagP (ncnloc) + aagP Cinter)
{1.32}
The various diamagnetic and paramagnetic terms in equation {1.32} are 
not directly comparable with the expressions bearing these names in 
Ramsey’s theory.
d d
The local terms in equation {1.32}, (loc) and oa^p (loc), arise
from electronic currents localized on the atom containing the nucleus of
d d
interest. Similarly a (nonloc) and a D (nonloc) are contributions fromotp otp
the currents on neighbouring atoms . Finally o ^ C  inter) and (inter) 
are due to the electronic currents not localized on any atom in the 
molecule, e.g. ring currents. These latter two terms usually only produce 
a shielding contribution of a few ppm, at most, which is negligible 
compared with the range of chemical shifts of several hundred ppm found 
for nuclei other than protons.
Within this framework it is possible to consider various theoretical 
levels of approach. These differ in the choice of basis functions and the 
method of evaluating the necessary integrals. Ab-initio calculations of 
13C chemical shifts have recently been r e v i e w e d c o n s i d e r a b l y  more 
computer time is required than by semi-empirical methods. Since the 
number of integrals to be evaluated increases rapidly with molecular size 
only semi-empirical methods are practical for larger molecules at present.
CHAPTER TWO
S e m i - e m p i r i c a l  HO Ca l c u l a t i o n s  o f  Nu c l e a r  
Ma g n e t i c  S h i e l d i n g
The rapidly increasing interest in the use of NMR spectroscopy of
nuclei other than protons for the purpose of electronic and molecular 
structural determinations,focusses attention on the need and desirability 
of an approximate but reliable theory of nuclear magnetic shielding that 
can be readily applied for large polyatomic molecules with no excessive 
computational effort, thus ensuring maximum utility. In this regard, the 
computational simplicity of semi-empirical approaches seems attractive.
Semi-empirical ID calculations of nuclear magnetic shielding with
T73V
various degrees of sophistication, have been reportedv . These
calculations are based on the formal theories presented in Chapter 1. A 
general survey of these semi-empirical M3 methods is given here with 
particular emphasis on the methods employed in the present work.
2.1 Finite perturbation method
A gauge-invariant finite perturbation theory of nuclear magnetic 
shielding has been developed within the INDO framework ^  ^ . The 
following expressions have been derived for the local terms in the
shielding tensor:
4m 2m y v
and
,im
{2.2}
a Jo
where the perturbed density matrix is found by solving the perturbed 
Roothaan equations in the present of finite values of the external 
magnetic field. Hie density mstrix is allowed to be complex to accommodate
the purely imaginary nature of the perturbation and P J represents the
imaginary part. The derivative in equation {2.2} is evaluated numerically 
using a finite difference technique in which it is approximated by a 
single difference
within an independent-electron M3 framework in which each molecular orbital 
is composed of a linear combination of gauge-invariant atomic orbitals 
(equations {1.30} and {1.31}). Furthermore, in this independent-electron 
M3 approach, all of the explicit two-electron terms become zero. All 
two-centre overlap integrals are also neglected and with them many two- 
centre matrix elements. In the resulting theory the gauge-independent 
expressions for the local and the non-local terms in equation {1.32} for 
the shielding of nucleus A are given by:
(
{2.3}
2.2 Independent-electron GIAO-MQ method
f23 24}Poplev 9 J has developed his M3 thoery of molecular diamagnetism
aaBd Clo c )
aagd(nonloc)
4tt 4m M(«aj 7 i a
{2.5}
- 3V W
aa$
■ u 2e2ft2 occ unocc , r .
■(loc) - -_o ■ J Z. . - ^ V 1
4tt m i k
i i i  (cS )cvk - cv ? c£ })y<v B X<a ^  VK V1 ulc
- C(0)C ^ )  v Aj ak oj Ak J
<4 |r_3£ U  >«(>, >Yy> a|Yv YA‘ B1 a
{2.6}
° agp (n o n io c ) =
y0 e *fi2
? I4tt mz M(fA) y
occ unocc
■ijeCo}- ic (o).-iI I (XE. W -1E<; O'
L j k J 0
I I I  ( c ^ c ^ -  c ^ c g )
y<v B X<cr w  VK VJ UK
( C ^ C ^  - C ^ C . ¥ ))<<f> !*• l<t> x»,|Jt 1$ > v Aj ak aj Ak J Yy\ a|Yv YA‘ y|ra
»“5 ,^ 2
^ V a B  3W
{2.7}
where the C ^ ’s are the unperturbed LCAO coefficients of the atomic
orbitals y, v, A, a in the occupied and unoccupied MD’s j and k 
A
respectively. \ is a sum over all orbitals on A such that y^v and the 
y<v
sum £ is over all atoms in the molecule including A. All of the angular 
B
momentum integrals in equations {2.6} and {2.7} are one centre in
ft
character and in this particular expression they are given in units of j.
These integrals can be easily evaluated using the following expressions
ftfor a , I and I in spherical polar coordinates (in units of —)X y Z 1
8 9(sincj> + cote coS(j> )
(cose})
9(f)
90 cote S±El(f> ) {2.8}
The integrals are non-vanishing only between pairs of atomic orbitals having 
the same angular momentum quantum number I. The matrix elements required in 
expressions {2.6} and {2.7} are given in Table 2.1 for p atomic orbitals.
For molecules containing first row atoms only, the expressions {2.4} 
to {2.7} are greatly simplified when only s and p atomic orbitals are 
considered.
The rotationally average values of the local diamagnetic and 
paramagnetic terms are then given by:
and
aAd d ° c ) i  {a ^(loc) + a ^(loc) + a ^(loc)}XX yy zz
! o e i ^ p (o) |r-i! >
4w 3m v W  V  U
{2.9}
a4P(loc) = i  {a P(loc) + a^ r^ (loc) + cr,,^(loc)}J XX ~\T\T *7*7yy zz
2e2^ 2 <r ” 3>
occ unocc
4tt 3m2 npA
(pC0?cf°? - c ^ c (°h I ( c ^ c ^ 0? - c ^ c ^ 0?)
I yA3 ZA ZP? >Ak B V  ZB ZB^ yBk
+ ccC°)c ^  - C ^ . C ^ 0?) y ( C ^ C ^ 0? -\ za3 xAk xAj  z g > £ zBj xBk xb3 zBk^
( c ^ c ^ ° ?  - c ^ . c ^ h  y ( C ^ C ^  - c ^ c ^ 0?)L xa3 yAk yAj xAk; ^  ^xBj yBk yB;j x^kJB B
{2.10}
In a similar manner, the rotationally average values of the non-local 
diamagnetic and paramagnetic terms (for molecules containing first row 
atoms) are evaluated from
oA^(nonloc) = i  {a ^(nonloc) + a ^(nonloc) + a  ^(nonloc)} {2.11} 
a  j xx yy zz
and
(nonloc) = ^  {o^^ (nonloc) + (nonloc) + azz^(nonloc)} {2.12}
,d|
{2.5} and {2.7} respectively.
d TDwhere the components o (nonloc) and a ^(nonloc) are given by equations
0606 0606
In equation {2.10} is the unperturbed LCAO coefficient of the
XAJ
np orbital on atom A in MO j etc. The summation over atom B in equation 
{2.10} includes A, and it is obvious that the summation will be zero 
unless both atoms A and B possess np valence electrons. It is also 
apparent, from the ordering of the coefficients, that tt ir* transitions
3do not contribute to the summation. <r > is the mean inverse cube
"Pa
radius for the np orbital on atom A with principal quantum number n.
This is usually evaluated using Slater type orbitals (Appendix A) by means 
of the relationship
<r~3> = ~
nPA 3
Z
_np
nao
{2.13}
The matrix elements in equation {2.9} are similarly evaluated (Appendix A) 
as
Z
<$ |r U  > = —  }J-- {2.14}
V1 1 U 2H  ^ nzao
The additional matrix elements in equations {2.4} and {2.5} are evaluated
in a similar manner by means of the relationships given in Appendix A.
In'equations {2.13} and {2.14} Z is the effective nuclear charge
y
for the atomic orbital d> on atom A and a is the Bohr radius. The value
p o
of Z may be obtained from Slater’s r u l e s . it is assumed that Slater's 
h
rules, which were originally formulated for integral numbers of electrons, 
may reasonably be extended to atoms with fractional electron populations. 
According to these rules, 2s and 2p orbitals of the first row atoms are 
expected to have the same effective nuclear charge which is given by
‘2s, Z2p = 2 + ° ’35 <£
net {2.15}
where Z° is the effective nuclear charge for the free atom and q^et is the 
net charge on atom A. The above expression may be written in the form
= A - 0.35 P&> - 0.352s 2p 2s2s
(P
(o) + p (o) + P(0)
2Px2px 2Py2Py 2pz2pz
{2.16}
Alternatively, Z can be evaluated using Bum's r u l e s a s
Z,„ = B - 0.4 p£°-* - 0.352s 2s2s
rpC°) + p(°) + p(°) •)
-Px 2px  V py 2Pz2Pz3
{2.17}
and
Z2p = C - °-5 P2s2s - °-35
rpCo) + p ( o )  + p C°) 'j 
2px2px 2py2py 2pz2pz
{2.18}
The values of the constants A, B and C in equations {2.16} to {2.18} are 
given in Table 2.2 for some first row atoms.
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TABLE 2.2
Values of constants for use in obtaining effective
nuclear charges for some first row atoms
Atom A B C
Boron 3.65 3.4 3.35
Carbon 4.65 4.4 4.35
Nitrogen 5.65 5.4 5.35
Oxygen 6.65 6.4 6.35
Fluorine 7.65 7.4 7.35
d "DNon-local contributions to a and ap are usually considered by
assuming that the induced moments in the electrons on atom B can be
('35')
replaced by a point dipole ^ J. The effect of this dipole on the shielding
of nucleus A is found to be negligible for first row atoms although it can
(29 301be important for protonsv 9 J. It is interesting to note that the 
interatomic terms in equation {1.32} such as those arising from neighbour 
anisotropy effect and ring current effect, which often contribute 
significantly to the shielding of protons, are negligibly small for nuclei 
other than protons.
In the present work, the local contributions to the diamagnetic and 
paramagnetic terms are evaluated using equations {2.9} and {2.10} in 
conjunction with equations {2.13} to {2.18}. The corresponding non-local 
contributions are also evaluated in a similar manner using equations {2.5}, 
{2.7}, {2.11} and {2.12} within Pople’s GIAO-IO approach.
2.3 Uncoupled Hartree-Fock method
Approximations to the coupled Hartree-Fock method^ ^  yield 
expressions for the diamagnetic and paramagnetic terms which depend on the
- .X> -
unperturbed eigenfunctions only. These are often referred to as 
’’Uncoupled Hartree-Fock methods’’. Equation {1.24} for eg) may be 
simplified by neglecting all off-diagonal terms. By taking the terms 
for which i = j and & = k, we get:
(e£°) - eg) + |L|g°)>
+ {<kj |kj> - <jj |kk>} eg) = 0 
or for the a component (cg^)a
{2.19}
- < 4 0) lLq l ^ 0)> '
eC°) _ e(0) + jr _ J 
k j jk jk
{2.20}
The second term in equation {1.25} now becomes
a$
P _ o 2e
4tt m2
I I
4°) - e ^  + K.v - J,v k j jk jk
{2.21}
The molecular angular momentum integrals in equation {2.21} may be
. f39')
approximated by neglecting all two-centre integrals to givev
{2.22}
and
^ v 0-1 |r'3L = ih<r-3> (cJ a c ^)rk 1 np. v k j'a
{2.23}
B
where in the above notation, the components of the vectors C^ . are the 
unperturbed LCAO coefficients of the corresponding np , np , np orbitalsA V id
•fVi
on atom B in the k MD, e.g. when a = x, equation {2.22} can be written 
as
It is apparent from equation {2.22} that at this level of approximation
I Loc I^ j0"*> = j0"*
The resulting expression for is comparable with equation {2.6} 
obtained by Pople’s method except in the manner in which the excitation 
energies are expressed. In Pople’s independent-electron MD method, where 
the Coulomb and exchange integrals are neglected, the excitation energies 
are simply the differences between orbital energies (e^ . “ ej) whereas in 
an LCAO-SCF M3 framework, the excitation energies should be those for 
excited singlet states as in equation {1.17} since these are mixed with 
the ground states by an external magnetic field.
The difference, between equation {1.17} and the energy denominator
in equation {2.21} arises from the preimaginary character of the 
perturbations used in the derivation of equation {2.21}. Consequently 
excitation energies discussed in connection with this equation are not 
related to the electronic spectra of the molecules concerned.
Calculations based upon this method have been performed by Herring
using standard INDO parameters. Values of some 13C, 14N and 19F chemical 
shifts calculated using this approach are found to be in reasonable 
agreement with experiment (36,40,41) .
2.4 Average Excitation Energy approximation
The Average Excitation Energy (AEE) approximation is often invoked 
to sinplify equation {2.10}. This involves replacing -■ 1EQ) 1 by a 
mean value (AE ) 1. Since overlap is neglected in the semi-empiricalcLV -y
methods used, it follows that
occ unocc
T C . C, . + 7 C , . C,, - = 6 ,h yj Xj £ yk Ak yA {2 .25}
By incorporating equation {2.25} and the AEE approximation equation {2.10} 
becomes:
^o e2h2 1 - 3
4tt 2m2 AEav <r >nP A l QAB
{2.26}
where the sum J is over all atoms in the molecule including A. The bond- 
B
order charge-density terms Q^g are given by:
Qa b  = C P _  t p w w  + p _  )3 AB xaXb yAyB z^zB
4  (P P + P P + P P ') 
3 XAXB %  XAXB ZA ZB ¥ b ZAZB
+ 4  cp p + p p + p p )
3 xAyB xByA x»z« xRza 7 a T r Z, JA B B A A B  ' B A
{2.27}
where the P ’s are defined by equation {1.28}. The AEE approximation can 
also be applied to simplify equation {2.21} to give equation {2.26}.
Most attempts at evaluating the paramagnetic contribution to the 
nuclear shielding have employed the AEE approximation or an essentially 
equivalent valence-bond approach . Various procedures have been used 
to evaluate the bond-order matrix elements including it electron 
calculations together with a bond polarizations ^  and all valence electron 
methods such as the extended Hiickel, CNDO, INDO approaches . In 
general these methods are reasonably successful in accounting for gross 
chemical shift trends in series of related molecules. However, their 
usefulness is limited by the necessity of choosing a value for AEav for 
which there is no a priori method.
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2.5 Methods based on Ramsey’s formulation
Ramsey’s approach in its LCAO ID form (equations {1.13} to {1.16},
has been used in calculations in which the nucleus of Interest is taken
(44 45')
as the arbitrary origin ■ 9 Moreover, all two-centre integrals 
including the overlap integrals are usually neglected. The final 
approximate expressions for the diamagnetic and paramagnetic terms are 
very similar to those derived by Pople's GIAO method within the independent- 
electron MO framework.
By means of the extended Huckel formalism Velenik and Lynden-Bell 
found reasonable agreement with the experimental chemical shifts of 13C,
1 ‘’N and 170 nuclei within groups of molecules having the same type of 
hybridisation of valence orbitals at the nucleus of interest. However, 
the shielding of differently hybridised atoms is poorly described.
(47}Kaiplus and Dasv J have further neglected all terms on atoms other 
than the one of interest. Their final expression for the paramagnetic 
term resembles Pople’s expression {2.10} or {2.26} in its AEE approximation 
except that in both cases, the sum over atoms B is now replaced by the 
single contribution B = A. However, contributions to from other atoms 
are considerable and should not be neglected.
Flygare’s atom-dipole model(48,49) gas ^een obtain estimates
of the diamagnetic contribution to the nuclear shieldings (50-54). This 
model does not explicitly involve the use of electronic eigenfunctions, 
the expression for is given by:
y Z
aA^ = (free atom) + —  —  t -A_ {2.28}
A 4tt 3m B(fA)
where R^g is the intemuclear separation. It has been suggested that
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o^a is a ’local’ term when the summation in equation {2.28} is restricted 
to the atom in question and those directly bonded to i t ^ * ^ .
Following Moniz and Poranski^^ the actual charge density on atom A  
may be included in the calculation by means of equation {2.29}:
d d d(atom in molecule) = (free atom) ± A P ^  A {2.29}
where A P ^  is the difference between the atomic number and the gross atomic
d * d
population. A i s  the difference between the value of for a free
atom and the corresponding positive or negative ion as appropriate .
To include the actual electronic populations of the bonded atoms the gross
atomic populations, Pgg, rather than Zg, are used. Hence equation {2.28}
becomes
= a.^(free atom) ± AP.. Aa.^ + —  —  £ {2.30}
A A M  A 4tt 3m bonded RA13
B only
Equation {2.26} has been used to estimate some ll*N chemical shifts 
(50,51)^ however, its utility has been called into question^^ because 
the estimated and observed changes in chemical shifts for a series of 
simple ions are in opposite directions.
2.6 Semi-empirical all-valence-electrons LCAO-SCF M) theories
Most of the available semi-empirical all-valence-electron methods 
have been based upon the analytical Hartree-Fock formalism often referred 
to as the LCAO-SCF-MO method in which the ’many electron’ wave function 
¥ is written as an antisymmetrized product (equation {1.10}) of one 
electron molecular orbitals (i|k ’s) formed usually from a linear combination 
of atomic orbitals (c^’s) according to
Although the complete solution of the Hartree-Fock problem requires an 
infinite basis set in the LCAO expansion {2.31}, good approximations can 
be achieved with a limited number of atomic orbitals. The coefficients,
where E represents the expectation value of the electronic energy 
associated with the N-electron Hamiltonian# of the given molecule, which 
is defined in the Bom-Oppenheimer approximation as
respectively the kinetic energy and the potential energy operators for the
any two electrons k and Jl.
The general approach is based on the variation principle and involves 
a systematic determination of the stationary values of the energy of the 
system by adjusting an approximate many-electron wave function T through 
variation of all of its contributing one-electron molecular orbitals 
in'the determinant (equation {1.10}) until the energy
Ch., are determined by a variational procedure, i.e. chosen so as to 
minimize the expression
J T #  ¥ dx
E {2.32}
or {2.33}
%  = I ?dcore(k) +
k 4me k>£ rkJt—  1 1 Ao
cor©where is the one electron Hamiltonian corresponding to the motion
jy> ^  2
of an electron (k) in the field of bare nuclei, ^—  Vn2 and - 5*  are
 ^ 2m k 4ttc k rn
th e2k electron. — -—  represent the mutual repulsion operator between
o kit
- OD -
(equation {2.32}) achieves its minimum value. Such orbitals are referred 
to as SCF or Hartree-Fock molecular orbitals.
The corresponding differential equations for the optimum forms of 
the molecular orbitals (after an appropriate linear transformation) have 
the form
[ X  ♦ I (2J. - Kj)] = e. ^
or
Fip. = e. iKl ri
{2.34}
. thwhere F is the Fock Hamiltonian and is the energy of the i molecular 
orbital. The Coulomb and exchange operators and are defined as
j , ax-.ci) = r/^*t2) —  ^ (2) dx2]i),,a) 
J J ri2 J
{2.35}
and
Kj (1)^(1) = I/'i,j*(2) — ^(2) dT2]i|/.(l)
r 12
{2.36}
The LCAO approximation to these Hartree-Fock orbitals leads to
(57'}
Roothaan’s equationsv J which requires, for each molecular orbital 
that the coefficients, C ^ satisfy the following set of simultaneous
(571
equations ^  J:
I ffyv " ei S p v ^ i  = 0 for y = 1,2...m (2.37>
where
yv
f d> Fd> dx 
i Yy Yv
{2.38}
and
S = f d) d> dT 
yv Jvyyv {2.39}
Roothaan^^ has shown that for a closed shell system, F^v is 
given by
Fyv " Hy°re + I  PXa CCm»|AaJ - }CuX|va)] {2.40}
where
= / y i ) : * core(i) $v (i) dTl {2 .4 1 }
and
(yv|Xa) = ■//,j.u (l)4>v (l) —  «A(2)«a (2) dTl dx2 ' {2.42}
ri2
P^ are the elements of the bond order-charge density matrix defined as
occ
PXa ■ 2 I Cn % i  {2-43}
The main obstacles to the rigorous solution of the Roothaan equations 
{2.37} for a medium-sized molecule lies in the formidable number of 
multicentred integrals (yv|Aa) which arise even with the use of a minimal 
basis set, and the difficulty involved in their evaluation.
Pople, Santry and Segal have described approximate LCAO-SCF-MO 
treatments of all valence electrons in a molecule in which the Zero 
Differential Overlap (ZDO) approximation is invoked to simplify the 
LCA0-SCF-M3 calculations. Within this ZDO approximation, however, it was 
shown that in order to retain the invariance of the wavefunction to 
orthogonal transformation among orbitals centred on the same atom, only 
certain approximate schemes are permissible. •
The simplest scheme is that of Complete Neglect of Differential 
Overlap (CNDO) method. In this method the ZDO approximation is invoked 
for the two-electron repulsion integrals, thus considerably reducing their 
number, and type. It is based on the knowledge that the overlap 
distribution 6 *(1)<|> (1) is very small unless y = v. Consequently, the 
repulsion integrals involving these overlap distributions are also small. 
Thus,
(yv| Act) = (yy|AA) S oyv Act {2.44}
Furthermore, the two-centre integrals are assumed to depend only on the 
nature of the atoms A and B to which <J> and <f>^ belong and not on the 
actual type of orbitals. Thus
(yy | AA) = y ^
all d> on atom A
y
all <J>, on atom B
{2.45}
y^g is then an average electrostatic repulsion between an electron in a 
valence atomic orbital on atom A and another in a valence atomic orbital 
on atom B. In the CNDO/2 method it is calculated theoretically as the 
two-centre Coulomb integral involving valence s functions.
In addition, a related series of approximations are also invoked for
core
the core matrix elements H (equation {2.41}}. These involve the
corepartitioning of the diagonal matrix elements H into one- and two-centre
yy
contributions as
Hcore
yy = iy
(u|
2m
i-ft2
V2 - I V.
B B
U) (j>u on A
V2 - V
2m
A u) -  I (p|VB |y) 
B(fA)
uuu - £ VAR
W  B(fA)
{2.46}
The one-centre term U is essentially an atomic quantity measuring the 
energy of the atomic orbital <j>^ in the bare field of the core of its own 
atom. It is approximated in the CNDO/2 method from
- i  (I + A ) = U + (Z, - i) y ' {2.47}2 v y yy K A 2J 'AA
where 1^ represents the ionization potential of an electron in <f>^ on atom 
A and represents the corresponding electron affinity. The orbital 
electronegativities + A^), whose values are listed in Table 2.3, are 
determined from appropriate spectroscopic data.
TABLE 2.3
Orbital electronegativities (I + A ) (eV)
Atom H Li Be B C N 0 F
7.176 3.106 5.946 9.594 14.051 19.316 25.390 32.272
-icyy - 1.258 2.563 4.001 5.572 7.275 9.111 11.08
The two-centre terns are approximated from
VAB ZB YAB {2.48}
core
whereas the off-diagonal matrix elements H (yfv) are neglected unless
d) and d> are on different atoms, in which case it is taken to be ry Yv ■
proportional to the overlap integral S , according to
yv
Hcore = i s on A and d> on B) {2.49}
yv 2 v A HBV yv VYy Yv ■
where k = 1 in the CNDO/2 method and the bonding rjarameter 3^, which 
depends only on the nature of the atom A, is empirically selected by 
comparing the CNDO/2 results to a set of accurate ab initio calculations
for a group of small molecules for such properties as geometry, orbital 
energy, and population analysis. Values of for some first row atoms 
are listed in Table 2.4.
TABLE 2.4
Bonding parameters 3^ (eV)
Atom H Li Be B C N o F
i
JO
*
> 
o 9 9 13 17 21 25 31 39
Using equations {2.42} to {2.47} the elements of the Fock matrix in 
the CNDO/2 method can now be written as^59)
+ - Za) - k,,, - 1)]YW AA A ■ 2 ^ yy
V yAB
AA
B(+A) BB
Fpv = I  < + 6°)syv 2 ByvYAB
f<f> ’ 'on A and d> on B) 
Yy rv J
{2.50}
Where is the total charge density on atom A
pM  = I puu
y (on A) w
(60)
2.51}
Del Bene and Jaffd^ J have developed a modified version of the 
CNDO procedure known as the CNDO/S method which includes some configuration 
interaction with the aim of predicting reliable singlet-singlet transition 
energies. Their modifications include the evaluation of the‘one-centre 
integral y ^  from the Pariser^^^ formula (y^ = 1^ - A^), the use of
the uniformly charged sphere model ® t o  calculate y ^  and the evaluation 
of 3^v from expression {2.47} such that k = 1 for the overlap between 
a-orbitals and k = 0.585 for the overlap between n-orbitals. Furthermore, 
the parameter 3° is readjusted so as to reproduce the singlet-singlet 
transition energies of a given reference molecule. Other features of the 
original CNDO/2 method are retained.
The CNDO/S method has been satisfactorily employed to account for the 
observed singlet-singlet transitions in substituted conjugated 
hydrocarbons®^ and heterocycles(60*61) ^
Improved results are obtained®-^ when the Nishimoto-Mataga 
approximation®-^ is used for the two-centre Coulomb repulsion integrals
Ta b *
In the present study the Nishimoto-Mataga approximation®*^ is 
employed in the CNDO/S method with the additional parameter values for 
y ^  and 3^ listed in Table 2.5.
TABLE 2.5
Values of 3° and y ^  parameters (eV) used in 
the CNDO/S method®
Atom H B C N 0 F
i
.T
O
> 
O 12.00 7 . 0 0 ® 17.50 26.00 45.00 35.00®
Ta a 12.85 8 , 5 0 ® 11.11 12.01 13.00 18.00®
(a) The original Del Bene-Jaffe parameters are. employed except 
for B and F.
(b) Taken from {J-Kroner, D.Proch, W. Fuss and H.Bock, Tetrahedron,
42
A refinement of tlie CNDO procedure was acliieved by Dixon by 
retaining all one-centre exchange integrals like (pv|yv). Shortly after, 
Pople, Beveridge and Dobosh^^ made a similar modification known as the 
’Intermediate Neglect of Differential Overlap’ (INDO) method.
In the INDO method the elements of the Fock matrix have the following
form:
Fyp = Uim + ' I . P; q [ M « 0  - ^CU^IvX)]
w  X (on A) XX
+ BfA ^  ’ Za)YaB
{2.52}
Fyv = 1  " ( w M L
and
((J)^ and 4>v both on A)
Fyv ■ I  » A  + #  V V A B
(d> on A and d> on B) 
y v J
{2.53}
Hie one-centre electron-repuls ion integrals have been expressed by 
Pople and c o - w o r k e r s i n  terms of Slater-Condon F11 and G11 parameters. 
Thus
(ss|ss)
(sx|sx)
(xy|xy)
(xx|xx)
(xx|yy)
= (ss ]xx) = F° = YAA
l Gl
p2
25 r
F° + —  F2
25
2_
25F° - F 2
{2.54}
{2.55}
{2.56}
{2.57}
{2.58}
Similar expressions are used for (ss | zz), etc. Except for the integral
F° (Y^) evaluated theoretically from Slater orbitals as in the CNDO/2 
method, semi-empirical values are used for G1 and F2 chosen to give the 
best fit with atomic spectra. The values of G1 and F2 parameters employed 
in the INDO method for some first row atoms are given in Table 2.6.
TABLE 2.6 
The G and F parameters (eV)
Atom Li Be B C N 0 F
G1 2.503646 3.828447 5.422 7.28433 9.415449 11.815398 14.484019
F2 1.356827 2.425091 3.548456 4.72692 5.960486 7.249152 8.592918
At the INDO level, the following relationships are deduced between 
the orbital electronegativities 1(1 + A ) and the core integrals U^.
Hydrogen:
■ i(Is + V  = Uss + l F° {2.59}
Lithium:
- i(Is + As) = Uss + * F° {2.60}
- 1 Cl + A ) = U + | F° - L- G2 {2.61}
P P PP 12
Beryllium:
- K I s + As) = Us s + | f0 - ^ G ‘ {2.62}
- ICIp - Ap) = Upp + §F° -1  G1 {2.63}
Boron to Fluorine:
- IPs' + V  = Uss + . CZA - 1 ) ^ - 1  ’CZA - G1 {2.64}
- 1 d p  - Ap) = Upp ♦ (ZA  - »F° - |  G1 - 2 j(Za  -§) F2 {2.65}
All other details are the same as in the CNDO/2 method.
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2.7 Some computational details
The nuclear magnetic shieldings reported here were calculated in 
conjunction with the CNDO/2, the INDO and the CNDO/S wavefunctions without 
configuration interaction. These calculations were performed on the 
CDC 7600 computer of the University of London using FORTRAN IV programs 
written for this purpose. These programs are based upon the respective 
LCAO-SCF M) programs obtainable from the "Quantum Chemistry Program 
Exchange (QCPE)" at the Chemistry Department, University of Indiana, 
Bloomington, Indiana.
The computations of the nuclear shielding were carried out as 
described in Sections 2.2 to 2.5.
The molecular Coulomb, J^, and exchange, K^, integrals (equation 
{1.18}) required in the evaluation of singlet-singlet transition energies 
(equation {1.17}) can be expressed as
Jjk = «j|Kk}
Kik =
{2.66}
where
{ i j  |kS,} Cui Cvj. Cg!t (jav|Xo) {2.67}
Under the CNDO approximation equation {2.67} becomes
{ij ika>cND0 A  °ui CUj CXk CM  (w|XX)pX
I  Cpi Cpj CXk CAS, yABpX
(<j> on A and on B)
{2.68}
-  4 b  -
Consequently, and Integrals are evaluated in the CNDO approach 
from
and
jk
K..
jk-
Cyj qij CAk CAk YAB
Cyj Cyk CAk CAj YAB
6 on A and 
<j>^ on B {2.69}
However, under the INDO approximation, equation {2.67} can be written as
{ij|kil}INDQ = {ij | k ^ } ^ ^  + correction(ijkX) {2.70}
where
correction(ijk&) = ^  Cyi CAk C ^  (yv|Aa)
yvAa
V are on AA* Ya v,YA'
{2.71}
= {(C -C . + C -C .)(C iC + C .C ■ )V xi sj si x y  K xk si sk xlJ
+ rc *c . + c .c ore ,c n + c .c ow yi sj si y y  K yk si sk ylJ
+ (C -C . + C -C 0(C ,C 0 + C ,C J*} 4 G1 v zi sj si zjn  zk s£ sk zlJ 3
+ {rc .c . + c .c o cc vc „ + c ,c o ^xi yj yi xjJ ^ xk yl yk xlJ
+ (C .C - + C .C 0(C iC „ + C ,C J  V xi zj zi xj-' v xk zl zk xlJ
+ (C -C . + C .c'OfCvC „ + C nC 0)}#f F2 ■ v yi zj zi yjJ K yk zl zk ylJ 25
+ {C -C -C ,C n + C .c .c ,C „ + C .c .C ,C „}—  F2 xi xj xk x& yi yj yk yl zi zj zk zl 25
-  { (C'.-C . c , c o c . c  . C , C J. x i  xj yk yl yi yj xk xlJ
+ (CxiCxjCzkCzi> + CziCzjCxkCx?P
+ C^yiCyjCzkCzX. + CziCzjCykCy ^ } Is p2
{2.72}
With the appropriate correction terms, and are calculated in the 
INDO method using
{j j I^CNDO + correction(jjkk)
and
Kjk  ■ {jk lk jlQ ^ Q  + correction(jkkj) J
{2.73}
A typical shielding calculation for benzene molecule requires about 
9 CP seconds (Central Processor time) on the CDC 7600 computer. In the 
present study standard geometries C^a) are einpioyed unless otherwise 
indicated.
2.8 Calculation of the diamagnetic component of the nuclear
shielding constants for C, N, 0 and F nuclei (69)
1 Local’ and 'nonlocal' contributions to are calculated by Pople's 
method (equations {2.9} and {2.11}, in which constant contributions arising 
from the Is electrons are also included) in conjunction with the INDO 
molecular orbital method. Calculations of cr^ based on Flygare's atom- 
dipole model were performed using equation {2.30}. The results of such 
calculations are presented in Table 2.7 for C, N, 0 and F nuclei in a wide 
range of molecular electronic environments.
From Table 2.7 it is apparent that within Pople’s approach, the local 
diamagnetic term a£0Ca£ is constant to within approximately 31 for the C,
N, 0 and F nuclei in the molecules and ions considered and that 
contribution from Nonlocal negligible. The claims-C51,54) 0£ significant 
changes in 0£0ca£ for N^^' and C ^ ^  nuclei as the substituents and type 
of bonding at these atoms change, were based upon Flygare's method 
(equation {2.28}) where it has been suggested that is a 'local' tern . 
when the summation in equation {2.28} is restricted to the atoms in 
question and those directly bonded to i t ^ ^ .
TABLE 2.7
Some ca 1 r.ulated values of'cr^ by various methods
Molecule or ion
Pople & Slater’s rules Pople &. Burns’s rules
<?jocat ^nonlocal *^locul ^nonlotal
_d 
Olocal
Flygare
Ononlocal
H2C~—CHj
H,C--0
1 2 F2C=CH2
CHh=CH
• 1 2 CFaOF
1 5 2 3 4CF3CHC(CH3),
6OH
CH3NO,
ch3ch2ch2ch2no2
2 1 1 2  3(CH3)2N—c= nch3 
I 4OCH,
(CH3)2N—C—N(CH3)2
Io
c 259-84 -0 03 252-51 -0-03 260-76 89-23
c 26002 0 00 252-59 000 260-97 59-46
c 257-13 -0 07 250-37 -0-07 257-67 82-01
o 396-98 0-01 383-13 0-01 396-89 43-99
C-l 257-56 -0-15 250-76 -0-15 258-13 116-77
C-2 260-85 0 02 253-20 0-02 261-70 56-95
F 473-01 -0-15 456-43 -0-15 465-77 40-35
C 260-47 -0-05 252-87 -0-05 261-37 55-77
C 253-03 -0-24 247-25 -0-24 253-52 250-75
O 395-07 -0-16 382-07 -0-16 395-71 96-23
F-l 472-68 -0-01 456-23 -001 465-54 3709
F-2 471-15 ' —0-19 454-75 -019 464-51 53-51
C-l 254-54 -0-19 248-46 -0-19 254-98 233-32
C-2 259-24 -0-04 252-15 -004 260 04 136-68
C-3 259-69 004 252-56 0 04 260-58 146-17
C-4 260-24 001 252-83 0 01 261-17 62-17
F-5 473-02 -0-05 456-49 -0 05 465-78 43-33
0-6 397-06 -0-07 383-48 -0-07 396-95 49-05
N 318-41 -0-38 309-77 -0-38 319-27 164-86
O 398-17 002 383-80 0-02 397-85 48-68
C 259-94 0-02 252-52 0-02 260-88 66-22
N 318-46 -0-40 309-80 -0 40 319-31 16505
O 398-26 0-02 383-86 0 02 398-92 48-72
C-l 260 00 0 01 252-57 0 01 260-95 92-46
C-2 259-30 0 03 252-14 0 03 260-11 90-32
C-3 259-49 0 04 252-32 004 260-34 93-06
C-4 259-53 000 252-22 000 260-38 61-56
C-l 255-96 -0 02 249-51 -0 02 256-42 157-81
C-2 258-40 -0-10 251-40 -0-10 259-07 72-94
C-3 258-55 0-06 251-51 -0-06 259-25 73-81
C-4 257-83 -006 250-95 -0-06 258-43 81-08
N-l 326-46 - 0 01 316-25 -001 326-58 111-41
N-2 327-37 0-00 316-19 000 327-31 73-81
0 397-41 -0-10 383-73 -0-10 397-23 7600
C-l 254-87 -0-05 248-72 -005 255-31 168-06
C-2 258-36 -0-10 251-37 -0-10 259-03 73-16
N 326-74 -000 316-47 000 326-80 112-82
O 398-72 0-04 384-39 004 398-30 41-82
C-l 260-41 -0-06 252-94 0-06 261-31 121-04
C-2 257-31 -009 250-60 -0-09 257-86 146-23
C-3 260-44 -004 252-20 -0-02 261-35 86-45
C-4 259-44 -0-02 252-66 003 260-27 89-59
C-5 260-03 0 03 252-24 -008 260-99 88-29
C-6 259-49 -0-08 252-95 -004 260-33 89-38
N 318-35 -0-42 309-74 -0-42 319-21 167-41
O 398-43 0 02 383-99 0-02 398-06 48-64
F 472-95 -005 456-38 -0-05 465-73 40-16
C-l 259-67 -0-14 252-39 -0-14 260-56 99-62
C-2 260-22 -004 252-83 -004 261-15 92-20
N 324-62 -0-17 314-80 -0-17 325-17 91-34
C-l 259-49 -004 252-26 -0 04 260-34 90-20
C-2 260-15 0-04 252-74 0-04 261-10 88-56
C-3 258-89 -0-02 251-77 -0-02 259-63 98-21
N 326-20 -0-05 315-43 -0-05 326-38 79-24
C-l 258-78 000 251-70 000 259-50 89-35
C-2 259-97 0-11 252-61 Oil 260-91 87-06
C-3 258-49 -0 05 251-45 -0 05 259-17 95-77
N 323-99 -003 314-26 -003 324-59 86-25
C-l 259-77 -001 252-47 -001 260-68 89-52
C-2 259-81 0-01 252-49 001 260-72 89-28
C-3 259-68 000 252-36 0 00 260-56 94-99
N 321-62 -0-45 312-33 -0-45 322-23 139-09
O 399-40 003 384-57 0 03 398-87 46-43
TABLE 2.7 (Con t inued)
Pople & Slater’s rules Pople & Burns’s rules Flygare
Molecule or ion *7joc-al Ononlocal ®loeal Unonlocal *^loca) ^nonlocal
CN~ c 264-38 0-20 254-92 0-20 265-17 60-48N 327-99 0-31 316-37 0-31 327-83 53-87
X 2 C-l 259-68 -0-01 252-40 -001 260-56 63 09
CHjCN C-2 259-00 0-18 251-79 018 259-76 96-67
N 326-15 -002 315-04 -0-02 326-34 47-79
2 1 C-l 258-84 -0-07 251-73 -007 259-57 71-35
ch3nc C-2 261-42 -0-13 252-77 -0-13 262-22 55-31
N 323-89 0-26 31409 0-26 324-49 87-35
NO*+ N 315-37 -0-51 307-24 —0-51 316-68 128-87o 393-58 0-05 380-41 C-05 39408 50-70
N O r N 323-16 -0-34 312-89 -0-34 323-74 130-15O 400-13 0 03 385-25 003 399-51 52-24
no8- N 316-36 -0-52 308-11 -0-52 317-50 194-58O 400-31 004 385-36 0 04 399-67 47-23
NHj N 326-69 000 315-85 000 326-77 25-43
CHjNH2 C 258-59 -001 251-54 -0 01 259-28 72-58N 326-45 -001 315-74 -0-01 326-57 53-98
2 1 C-l 258-58 000 251-58 000 259-58 100-63
ch3ch2n h2 C-2 259-81 001 252-46 0 01 260-72 61-76
N 326-52 -001 315-79 -0-01 326-63 54-27
(CHs)2NH C 258-51 -002 251-49 -002 259-20 73-48N ; 326-25 -0 01 315-70 -001 326-41 83-42
(CH3)sN C 258-53 -007 251-49 -0-07 259-22 72-75N 32608 -002 315-63 -002 326-28 111-55
nh4+ N 324-42 000 314-50 000 325-02 27-22
C 259-12 003 251-92 0-03 259-89 68-95ch3nh3+ N 323-76 -009 314-10 -009 324-35 59-76
(CH3)sNH2+ C 259-09 0-03 251-91 002 259-86 69-21N 323-39 -001 313-88 -0-06 323;98 90-78
(CH3)3NH+ C 25904 001 251-87 001 259-81 69-31N 323-17 -013 313-77 -0-13 323-75 121-22
(CH3)4N+ C 259-02 000 251-86 0 00 259-79 70-96N , 322-81 -0-17 313-64 -0-17 323-39 . 157-63
C-l 255-63 -0-19 249-25 -0-19 256-08 159-10
3 1 2 2 C-2 257-95 -004 251-03 -0-04 258-56 79-90ch3c—och3 
II
C-3 260-44 0 01 252-92 0-01 261-34 59-39
0-1 398-33 004 384-11 0-04 397-97 42-41O1 0-2 397-54 0 00 383-80 0-00 397-33 75-00
C 255-23 -0-51 248-97 -0-51 255-67 165-90
(NH2)2CO O 399-54 0-07 384*94 0-07 398-99 40*76
N 326-76 001 316-31 0-01 326-82 54-39
2 1 C-l 258-05 -0-04 251-14 -0-04 258-67 107-22
ch3ch2oh C-2 259-87 0-04 252-51 0-04 260-79 61-13
O 397-73 -004 383-80 -0 04 397-49 44-85
(CH3)sO C 257-82 -0-07 250-94 -0-07 258-42 81-61O
C-l
397-27
258-72
-0-09 
—0-11
383-62
251-65
-0-90
-011
397-12
259-43
75-99
107-35ll I'2
I  >o
C-2 260-40 -003 252-93 -0-03 261-31 88-31
O 396-44 -0-14 383-04 -0-14 396-47 80-48
2 1 C-l 257-40 -0-08 250-62 -008 257-96 136-39
(CH3)2CO C-2 260-20 -003 252-74 0-03 261-13 60-39
O 397-75 000 383-66 0 00 397-50 43-15
The results presented in Table 2.7 draw attention to the fact that 
the large differences appearing in the values of cr^, calculated by 
Flygare’s method, are due to the ’nonlocal' final term in equation {2.30}, 
while the 'local' first two terms remain reasonably constant. Changes in 
the final term predict a considerable increase in as the number of 
electrons in the molecule increases. In the case of nitrogen it implies 
an increase in shielding by about 29 ppm as each H is replaced by CH3 in 
NH3 , whereas experimentally the shielding decreases by about 6 p p m ^ 3^ .
Consequently, it is apparent that the values of obtained by the
restricted summation of equation {2.30} are not those of a 'local' term
f27Ias defined by Saika and Slichter ^ J, but are comparable with those of 
the molecular term in Ramsey's original expression^.
The inclusion of the second term in equation {2.28}, with opposite 
sign^^, in an expression for ensures that and P  as estimated by 
Flygare's method become large and of opposite sign as the number of 
electrons in the molecule increases. This point has recently been 
demonstrated in some estimations of shielding in simple binary 
h y d r i d e s . Hence the terms and obtained from Flygare's formulation 
are those appropriate to Ramsey's expression. Since Ramsey's approach 
requires a knowledge of all excited states, which is usually not available 
and suffers from gauge problems, the approximate theory proposed by 
Pople ^  ^  is more appropriate for discussions of experimental trends 
in nuclear magnetic shieldings.
It is pertinent to compare the calculated values of obtained in 
the present work using Pople's method in conjunction with Slater rules, 
with the recent gauge-invariant ab initio estimates of reported by
r28)
Ditchfieldv ' for a number of small molecules using gauge-invariant 
perturbed Hartree-Fock method. The results shown in Table 2.8, indicate 
a close parallelism between the values of
calculated by both methods for C, N, 0 and F nuclei in a number of small 
molecules.
TABLE 2.8
The gauge-invariant ab initio estimates of 
(at the LEMA0-6G level) for C, N, 0 and F nuclei in 
a number of small molecules, compared with 
the INDO results
Molecule
Ab initio results for 0^ (ppm)
Carbon^ falNitrogen'' J Oxygen^ Fluorine ®
tiV 261.1(259.7) -
c2h^ 260.9(260.0) - - ■ -
C2H2 264.3(260.5) -
HCN 262.7(259.3) 325.0(325.7) - -
nh3 - 327.0(326.7) - -  .
H2CO 257.1(257.1) — 396.9(397.0) -
H20 . - - 397.2(398.0) -
CHsF 256.1(257.3) - - 472.7(473.2)
HF ; - - 472.1(473.6)
(a) Values in parentheses are the corresponding INDO estimates of 
obtained in the present work using Pople’s method in 
conjunction with Slater rules.
This reinforces the c o n c l u s i o n t h a t  it is incorrect to attempt 
to compare values of calculated by the procedures of Pople and Flygare 
due to the significant and variable ’nonlocal’ contributions appearing in 
the latter. Furthermore, for the C, N, 0 and F nuclei considered here, 
the value of ^ oca^ remains roughly constant for each nucleus as its
chemical environment changes. Thus the chemical shift differences, 
observed for any one of these nuclei in chemically different 
environments, are due predominantly to changes in a^oca^* while no 
significant changes occur in aiocai ^ ^ .
CHAPTER THREE
Ca r b o n  a n d  Bo r o n  Ch e m i c a l  Sh i f t s
3.1 Carbon chemical shifts
3.1a Introduction
The only stable isotope of carbon with a nuclear magnetic moment is 
13C (nuclear spin quantum number I = . Despite its low natural
abundance (1 .1%) , long values of relaxation time and poor sensitivity to 
NMR detection (1.591 of that of protons at the same value of field 
strength), the recent experimental techniques employing proton wide-band 
noise decoupling in conjunction with Fourier Transform NMR Spectroscopy 
have made it possible to obtain high quality spectra routinely from 
samples which contain 13C in natural abundance.
The current widespread interest in 13C NMR has ensured that the 
shielding of this nucleus has received most attention at both the semi- 
empirical and ab initio levels of approach.
1281Ditchfield^ J has recently developed an ab_ initio theory of nuclear
shielding using GIAO’s within the perturbed Hartree-Fock framework. This
approach, which offers a considerable improvement over the conventional
perturbed Hartree-Fock method, has been successfully applied in the
calculation of the 13C chemical shifts of some small aliphatic 
f 281molecules^ For larger molecules semi-empirical methods are more
practical at present
The gauge-invariant finite perturbation theory within the INDO 
approximation provides 13C chemical shifts in poor agreement with 
experiment when the ‘original INDO parameters are employed^5^  . By 
suitable reparametrization of the input core integrals, better overall 
agreement is obtained for hydrocarbons , carbonium ions and 
fluorocarbons .
R e c e n t l y 9 this approach has been extended to account for 13C 
chemical shifts in. nitrogen-containing molecules. However, the new 
parameter set obtained for nitrogen tends to exaggerate the degree of 
electronic polarization associated with the presence of nitrogen(105)^
Uncoupled Hartree-Fock calculations within the zero-differential 
overlap approximation, have been performed using equation {2.21} for CHi*, 
C2H6, C2Hit and H 2C0. The calculated values of the 13C chemical shifts 
are in fairly good agreement with the experimental ones except for H2C0, 
for which an improved agreement is obtained by allowing the <r_3>2p 
term to depend on the valence shell electron density.
Ramsey's approach in its LCAO-MD form has been used to calculate 13C 
(44 45^
chemical shifts ^ 9 J. Two-centre integrals are neglected and the arbi­
trary origin of the vector potential is taken at the nucleus of interest. 
Velenik and Lynden-Bell have employed the Extended Huckel Theory to 
determine the required MD’s. Their calculated 13C chemical shifts depend 
on the state of hybridization of the valence orbirals of the nucleus of
(441
interestv J. Reasonable agreement between the calculated and 
experimental 13C chemical shifts is only observed within groups of similar 
molecules containing carbon atoms in the same state of hybridization. 
However, the shielding of differently hybridized carbon atoms is poorly 
described, for example, the calculated 13C chemical shifts of -29 ppm for 
C2H2 and 69 ppm for C2H4 (relative to methane) compare unfavourably with 
the observed shifts of 76 ppm and 125 ppm respectively.
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Similar calculationsv J have been reported for some simple hydro­
carbons using both INDO and MINDO parameter sets. Neither set of para­
meters produces 13C chemical shifts in particularly good agreement with 
experiment. However the better agreement is obtained using the basic 
MINDO parametrization^^, but these calculations have recently been shown
tc be in error so that the agreement with experiment is not as good 
as previously indicated.
Ramsey’s LCA0-M3 formalism, in which overlap integrals are included, 
has been applied in conjunction with CNDO/2 wavefunction to calculate 13C 
chemical shifts for some substituted ethylenes . The calculated 13C 
chemical shifts for these molecules are only in qualitative agreement 
with the observed values. Moreover, the results are unsatisfactory in 
that different correlation lines are obtained for the a and $ ethylenic 
carbon atoms .
Solvent effects on the 13C chemical shifts of acetonitrile and 
acetone have been estimated by using equations {2.9}, {2.10} and {1.17} 
of Pople’s GIAO-MO theory and applying Klopman’s ’solvation’ model within 
the MINDO/2 f r a m e w o r k . The calculated 13C chemical shifts, as a 
function of the dielectric constant of the medium, agree with the observed 
solvent effects and the temperature dependence of the 13C chemical
shifts^75).
The relative 13C chemical shifts of isobutene and the corresponding
t-butyl cation have been obtained from equations {2.9}, {2.10} and {1.17}
within the NDDO framework . The results obtained, using the Fischer-
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Kollmar parametrization v J of the NDDO method, are in reasonable 
agreement with experiment .
Comparable calculations on chloro-ethylenes have shown that the 
CNDO/S parameter set is preferable to the CNDO/2 set. Improved agreement 
with experimental 13C chemical shifts for chloro-ethylenes is obtained 
by introducing d orbitals into the calculation. It has recently been 
claimed that the 13C chemical shifts of various molecules are more 
suitably described by calculations based upon a modified CNDO/S set of 
parameters, which takes into account electronegativity differences 
between atoms in a molecule
Semi-empirical calculations on 13C shielding anisotropies have 
been reported by Ando and co-workers ^  ^  using Pople’s GIAO-MO theory 
in conjunction with the MINDO/2 parametrization. Their results for the 
13C shielding anisotropies of some simple organic molecules are in good 
agreement with the experimental values.
The 13C shielding calculations discussed so far are those which 
avoid the use of the AEE approximation which has been frequently employed 
in the discussion of 13C chemical shifts, particularly for series of closely 
related molecules. A more complete compilation of the reported semi- 
empirical calculations on 13C shielding including those dealing with the 
AEE approximation is available elsewhere
3.1b Results and Discussion
In discussing relative chemical shifts trends for a series of 
closely related molecules, many of the inaccuracies introduced by semi- 
empirical calculations cancels thus providing reasonable agreement between 
theory and experiment. However, an acceptable theoretical treatment which 
can be used for predictive purposes should ideally be applicable to a wide 
range of chemical environments. Moreover, a theoretical treatment may be 
examined more searchingly by comparing the absolute values of the 
individual components of the shielding tensor with experiment. In practice 
this often involves conpar is on between theoretical and experimental values 
of the average of the absolute shielding tensor and its anisotropy.
In the present work, 13C chemical shifts have been calculated by 
means of Pople’s GIA0-M3 method in conjunction with CNDO/2, INDO and 
CNDO/S wave functions. In addition to reporting the calculated average 
value of the 13C shielding tensor, the principal components of the 
paramagnetic contribution and its anisotropy are also presented. These
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are compared with experimental data and the results of other reported 
calculations where available.
The results of some INDO and CNDO/S calculations of 33C shielding 
constants and chemical shifts are reported in Table 3.1 together with 
the available experimental data for a wide range of chemical environments, 
for which the 13C shifts range over 200 ppm. Similar calculations based 
on the CNDO/2 method gave results in close numerical agreement with those 
obtained using the INDO method. Consequently CNDO/2 results are not • 
listed in Table 3.1.
j' •
The calculated differences in the average 13C shielding, o^, arise
T\ J
almost entirely from changes in a™. The variation in a is within 
5 ppm, i.e. about 2% of the experimental chemical shifts differences 
given in Table 3.1. Consequently, the values of are not listed 
separately in Table 3.1. An overall average value of 260 ppm for is 
obtained from CNDO/2, INDO and CNDO/S calculations. Contributions 
arising from ^ on2OC are found to be negligible in most cases, however, 
appreciable contributions of ca. -5 ppm are found for molecules like 
CO, CO2 j HCN and H-C=C-H in agreement with finite perturbation results .
The anisotropy of the shielding tensor is governed predominantly by 
the paramagnetic contributions. The anisotropy of the diamagnetic 
component of the shielding tensor being negligibly small.
In Table 3.2 we present the results of some INDO and CNDO/S 
calculations of the principal components of the 13C paramagnetic shielding 
tensor and its anisotropy (see Appendix B). For the sake of comparison, 
the calculated values of the diamagnetic shielding anisotropies are 
presented in Table 3.3 for a selection of molecules which experience 
large shielding anisotropies. ■■The values of Acr^  are far below the 
experimental uncertainties and in no case do they exceed 1.3% of the
- :>« -
TABLE 3.1
The resu lts  of some INDO and CNDO/S calculations of 15C nuclear shielding* 
and chemical sh if ts  conpared with experimental resu lts
INDO data (ppm) CNDO/S data (ppm) Experimental (ppm)
No Molecule
<r%  0/ 
(au) A •a *W '
<r%  o /  
(au) A °A °A «(a)
1 HOi(c) 1.472 -126.42 127.88 5.41 1.456-173.61 85.98-15.91 76-10<83' 84> -  10.8t92V
2 CHsCN(c) 1.488 -105.15 150.27 -16.98 1.467 -169.47 89.91 -19.84 76ilO(97) - u.0® »
3 CHjCN 1.451-105.09 152.79 -19.50 1.431 -127.39 132.64 -62.57 193ilO(86) -127.3(4)
4 CH,NC(c) 1.352 -128.98 128.96 4.33 1.421-241.63 18.57 51.50 - 31.1<4>
S CH,NC 1.497 -107.33 149.59 -16.3 1.450 -120.51 139.18 -69.11 - - 98.1(4)
6 H-C=C-H(c) 1.406 -  96.71 160.77 -27.48 1.398 -143.8 116.82 -46.75 120±10(84) - SS.0(94)
7 CH,C=C-H 1.385 -  93.98 164.09 -30.8 1.378 -146.79 114.18 -44.11 127il0(45) - 6 1 .5 7 » «
8 CHjC=C-H 1.428 -  87.77 169.85 -36.56 1.414 -134.41 125.92 -55.85 114±10(45) - 49.27(95)
9 CHjC=C-H 1.467 -105.16 152.67 -19.38 1.427 -123.28 136.82 -66.81 192±10(45) -126.62<95>
10 CHj-C=C-CHi 1.409 -  90.43 167.46 -34.17 1.396 -140.75 119.9 -49.83 117il0(87) - 55.9t45)
11 CHj-CsC-CHj 1.472 -  98.42 159.49 -26.2 1.426 -116.69 143.43 -73.36 190±10{87) -127.7(4S)
12 CH,0H(c) 1.538 -115.44 142.84 -  9.55 1.449 -110.88 148.83 -79.21 146il0^87^ - 78.3l4)
13 C0(c) 1.444 -191.48 63.13 70.16 1.482 -248.44 10.67 59.4 12*10(83,39) S4.6{4)
14 co2W 1.740 -134.55 111.09 22.20 1.682 -134.51 120.88 -50.81 70±10(90) -  3.0<4>
IS 00,” (c) 1.722 -163.70 89.19 44.10 1.576 -172.08 85.31 -15.24 25ilO(91} 42.4<4V
16 H200(C) 1.590 -187.03 71.76 61.53 1.519 -225.07 33.37 36.70 - HIO^19) 66.2<96>
17 CHjCH0(c) 1.581 -165.4 93.34 39.95 1.527 -219.58 38.71 31.36 - 6±10(87) 72.0(4)
18 CHjCHO 1.422 -100.53 160.15 -26.86 1.421 -12S.45 134.77 -64.7 162*10(87) - 96.4<4>
19 (CH,)2C0{c) 1.575 -160.18 98.24 35.05 1.543 -226.63 31.38 38.69 -i24io«7>‘ 77.4 W
20 (CHj ) 2C0 1.422 -  97.45 163.31 -30.02 1.418 -122.35 137.91 -67.84 ^ io *87) -  97.4(4)
21 NH2GO(c1 1.644 -160.44 95.61 37.68 1.562 -200.67 56.99 13.08 28ilO(19) 3 7 .3 ^
22 (W2).0 0 (c) 1.691 -148.60 106.09 27.20 1.606 -185.24 71.59 -  1.52 - -
23 HC00HlC) 1.674 -163.92 92.36 40.84 1.578 -187.01 70.55 - 0.28 29il0^19^ 38.7(4)
24 CHjCOOH(c) 1.660 -152.68 103.59 29.70 1.584 -196.97 60.27 9.8 1 7 , 1 0 ^ 49.6(4)
25 CHjCOOH 1.406 - 99.42 161.33 -28.04 1.420 -124.21 136.01 -65.94 ^ io ' 87* -106.5(4)
TABLE 3.1 fCont)
INDO data (ppm) CNDO/S data (ppm) Experimental (R»)
No Molecule
<r‘ S P of
(au) A °A
<T%  of. 
(au) A °A 6(3) v
«c.)
26 (CH,C0)20 1.652 -134.58 120.81 12.48 1.581 -164.46 92.85 -22.78 28±10(87) 39.7(4J
27 (CH)00)20 1 .4 1 3 -9 1 .7 2 169.22 -35.93 1.426 -114.69 145.43 -75.36 173±10{87) -
28 CHjCOOCHj 1.669 -142.61 113.24 20.05 1.590 -181.43 7S.70 -  5.63 - 43.1<4>
29 QijOOOCHj 1.409 -  94.86 165.91 -32.62 1.421 -120.76 139.45 -69.38 - 108.0{4}
30 CHjCOOCH, 1.545 -102.80 155.22 -21.93 1.455 -105.04 154.56 -84.49 - 76.6<4>
31
O ' "
1.441 -127.37 133.29 0.0 1.424 -190.09 70.07 0.0 66ilO(87} O .O ^
32
m» (c)
O a
1.455 -  97.82 162.17 -28.88 1.417 -116.66 143.63 -73.56 173±10(87) 107.2{30)
33
4
Cl 1,447 -124.12 136.39 -  3.1 1.434 -191.95 68.03 2.04 B . 2 ™
34 C2 1.436 -123.59 136.69 -  3.4 1.423 -187.16 73.02 -  2.95
69ilO(87)
O.S<®>
35 C3 1.443 -122.23 137.85 -  4.56 1.420 -185.49 74.73 -  4.66 I .!* 30*
36 C4 1.438 -121.69 138.97 -  5.68 1.423 -186.89 73.28 -  3.21 4.0(S»
(a) The chemical s h i f ts ,  6, are expressed in ppm with respect to benzene, sh if ts  to  high 
frequency are positive .
0>) Original data are converted using (TNtS) * 127.6 pprav .
(c) Molecular geometry from Reference (7Cb).
TABLE 3.2
The results of some INDO and CNDO/S calculations of the principal conponent* 
of the * *C paramagnetic shielding tensor and its anisotropy compared with the 
available experimental 13C shielding anisotropies
INDO results (ppm)^ CNDO/S results (ppm)^ Experimental
Molecule Orientation
o ? o ?
«  yy
P{3)Lav c PXX o P yy »X=P
. P(a)Zay ia(a)
HCS X
t
y—
-189.65 -189.65 0.0 189.65 -260.42 -260.42 0.0 260.42 282i20^ 83*8^
CHjCN X
ty— z
-161.44 -161.44 7.42 168.86 -257.86 -257.86 7.31 265.2 311i30<97>
QIjCN X
t
Y -» z
-105.62 -10S.62 -104.02 1.6 -131.0 -131.0 -120.2 10.8 StlO^
CH,NC X
t
Y— z
-136.14 -186.14 - 14.66 171.48 -354.66 -354.66 - 15.57 339.1
CHjNC X
t
y— z
-105.36 -105.36 -111.27 2.96 -118.53 -118.53 -124.47 5.94
H-C=C-H X
t
Y— z
-145.06 -145.06 0.0 145.06 -215.7 -215.7 0.0 215.7 245i20(84J
CHj-C^ C-H X
t
y— z
-133.09 -133.09 - 15.77 177.32 -208.37 -208.37 - 23.64 184.7 *
aij-c^ c-H X
I
Y— z
-133.56 -133.56 3.81 137.37 -210.2 -210.2 17.02 227.4
CHj-C=C-H X
r
y— z
-105.63 -105.63 -104.23 1.4 -124.2 -124.2 -121.4 2.8 *
CH,-C=C-CH, X
1
y — z
-130.7 -130.7 - 9.9 120.8 -208.29 -208.29 - 5.66 202.63 201il0(87)
aij-csc-cH, X
t
Y— z
-100.62 -100.62 - 94.0 6.62 -119.73 -119.73 -110.6 9.13 14±10(87)
ai, h
f
y — *
-118.39 -112.85 -115.08 3.89 -125.95 -101.62 -103.08 13.9 63ilO(87)
00 X
f
Y— z
-287.22 -287.22 0.0 287.22 -372.66 -372.66 0.0 372.66 384ti0(88-89)
0*C*> X
t
-201.83 -201.83 0.0 201.83 -201.7 -201.7 0.0 201.7 **
01 ~
TABLE 3.2 (Cont)
INDO resu lts  (ppm )^ CNDO/S resu lts (ppm )^ Experimental
Malecule Orientation
,(a) o o
XX yyP o Pzz Ao
(a)
0A zty -* x -185.86 -119.39 -185.86 66.47 -223.0 -  70.7 -222.54 1S2.1 75(91)
0
II
I / A
z
ty -+ x
-269.31 -114.03 -177.75 109.5 -262.36 -101.16 -311.7 185.37
HjC XH
/C\
H,C CH,
z CO 
y — X CHj
(57)z CO -222.31 -104.74 -169.16 91.00 -236.67 -9 7 .39  -324.67 183.3 168±10
y—*x CHj -100.6 -105.29 -  95.7 7.25 -121.13 -116.74 -138.49 13.1 46±10?87)
-212.07 -100.93 -167.54 88.88 -248.88 -  97.53 -333.48 193.6 193±10(87)
- 94.88 -102.95 - 94.52 4.4 -115.14 -117.49 -134.41 10.8 S0±10(87)
/C\  h2n h
z
t
y— x
-230.85 -108.7 -141.78 77.62 -248.0 -  92.47 -261.55 162.3
C
HIN/  V *U2
z
t
y— x
-210.97 -106.81 -128.02 62.69 -244.26 -  88.66 -222.81 144.9
0
II
/ C\H 0
Cv ytt 
Hjc' ^ 0
0
II
HjC^  S  
I
H
O..B-°
HjC-C .C-CHj
V«..0^
n Pi 
.f c / V ' N *
Z
fy— x
-233.58 -113.6 -144.57 75.48 -212.07 -  85.92 -263.03 151.6
CO -210.17 -111.99 -138.98 62.59 -193.98 -88 .31  -296.35 156.8 117±10
y —-  x cHi
z CO
y — x CHj 
(II)
x CO
t
y— z CHj
(87)
(III)(d)
CO
y — x CHj
- 9 9 .4 3 - 1 0 4 .7 3 - 9 5 .7 4  6.34 -120.05-118 .88  -136.04 9.17 3SilO(87V
-207.51 -111.24 -139.28 62.16 -198.44 -  88.32 -304.16 162.98 117±10*87*
-  97.56 -104.81 -  95.89 5.3 -117.91 -120.05 -137.68 11.00 35±10(87)
-110.18 -  99.84 -175.47 42.99 -229.36 -82 .44  -170.21 117.3 117tl0(87)
- 92.10 -  92.61 -  85.54 6.82 -128.25 -110.38 -111.92 9.71 3Sil0(87)
-188.21-106.11 -109.43 42.71 -233.14 -8 7 .7 6  -172.47 115.0 82.5±10(87)
-88 .63  -9 5 .0 2  -9 1 .5 3  4.65 -103.22 -111.95 -123.91 9.7 19tl0(87)
TABLE 3.2 (Cont)
INDO resu lts  (ppm )^ CNDO/S resu lts  (ppm) ^ Experimental
Molecule Orientation
o ? a P a P xx yy zz
P P P P bor a r a 0 * xx yy  zz AflW.
0
/ c‘"‘
z
t
y — -x
CO
ClHj
-195.02 -105.76 -127.07 
-9 3 .2 3  -1 0 0 .6 8 -9 0 .6 5
55.29 -194.32 -  83.03 -239.74 
6.31 -118.02 -  97.63 -  99.48
134.0
11.1 -
HjC1 0 C2Hj -102.83 -103.88 -101.70 1.66 -116.56 -115.67 -130.06 7.6 ■ -
( Q )
z
t
y—
(b) (b) 
-14S.05 -  92.02 -145.05
(b) (b) 
53.03 -232.0 -106.3 -232.0 125.7 180±S(87)
X
(q £
z
t
Y-+*
CHS
Cl
-100.49 - 99.26 - 93.74 
-130.13 - 89.98 -152.25
6.14 -119.2 -113.5 -117.2 
51.21 -211.5 -106.2 -258.1
4.7
128.6
22tlOf87^
C2 -158.08 -9 0 .4 8  -122.21 49.67 -259.6 -105.12 -196.77 123.06 182±10(87J
C3 -155.12 - 90.42 -121.16 47.72 -254.85 -104.36 -197.26 121.69
C4 -122.32 - 89.60 -153.15 48.14 -201.15 -104.00 -255.51 124.3
(a) The value of be is  obtained from o -  1 (o 0 * o ) ,  in  agreement with the convention th a t theCKX fcSp TT
shielding decreases according to the > ogg > o , where a , B, y can be e ith e r x , y o r z .
(b) For benzene, the y axis is  along the six -fo ld  axis perpendicular to  the molecular plane; due 
to the existence o f a rapid ro tation  about th is  ax is , the two components and are 
average in  th is  case.
(c) For molecules other than linear and symmetric tops the shielding tensor is  diagonalized by a  
sim ilarity  transformation (see Appendix B).
(d) Geometry from Reference (7Gb).
- 63 -
tov_I
nd
to
<
cnto to
O
CM
LO
t"*
LO
to
to
wPI
g
CD
W>
toP cn
> o
to rHtoin o
p 0
•H rH
Q•*
P
B
o
a
'to
0
p
CD CJ
P 0
rH
bQ 0
.3
cn
rto 0
rH B
CD o
•H
rto
cn
cn PoO
•H
m
P rto
CD 0
a ptoto
1
•H rH'to
CJ
tou
CO t—\- 'to
to
CD <
5
V_/
>>m a.o o
p*\ pto otocn
to•H
to
o §
cn
toCD
g
V)
P•H
'to
to
•8 *o
.s
p<
CD
nd
nd
nd
toV /
ndto
<
CM
tM
'to
B
g
2
•HP
o
cn
LO
cn
LO
CM
toto•
cn
LO
CM
CM
cn
LO
CM
CMr-»
cn
LO
CM
VO
Oto
•
cnto
CM
r—I 
LO 
•
cn
LO
CM
cn
cn
LO
CM
CT»
cn
LO
CM
00to
cn
LO
CM
to
rH
cnLO
CM
o
LO
cn
LO
CM
o
LO
cn
LO
CM
o
r—I
o
8
cn
LO
CM
to
rH
cn
LOCM
cn
oo
LO
CM
cn
•
00
LO
CM
tM
to
O •
o
\o
CM
CM
CM•
o
O
CM
to
cn
•
cn
LO
CM
to
cn
•
cn
LO
CM
VO
00
VO
•
cn
LO
CM
to
cn
LO
CM
to
OO
cn
LO
CM
toOO
cnLO
CM
CM
vO
•
o
VO
CM
o<n
•
OvO
CM
OO
' •
O
vO
CM
00
' •
O
vO
CM
00
CM
C^
•
O
vO
CM
'n!" 
00 » '
O
vO
CM
cn
CM
•
O
vO
CM
cn
CM
o
vO
CM
«■ X- X' > S
cn
LO
CM
00
CM•
LO
LO
CM
to
o
vO
CM
to
o
VO
CM
to
to
ooo
cn
LO
CM
o
VO
fx.
LO
CM
ocn•
O
vO
CM
Ocn•
OVO
CM
X'
tM
t
■>N
0
1
CD
rH CJ
I
53
* u
I
2-
IIICJ
ICO
*3
’53iCJ
IIICJ
I
■SC 8
o '; -
to
nd
to<
\o
O
I.Pi
•
OO
LO
CM
vO
O
VO
CM
W
P
rH
toin
0
P
co
CJ
nd
nd
tM
tM
oo
c-
LO
CM
cn
LO
CM
OO
O\o
CM
CM
O
vO
CM
nd
LO
CM
oo
O
vO
CM
too
CJ,
to
to
a
€P*
&
in
p
i—i
toin
0
P
to. 
v— /
%<
o <
nd
nd
§
•H
Pto
p
to
0•H
P
o
LO
LO
to
rH•
C-
LO
CM
•H"
o
fx
LO
CM
OO 
LO ' •
LO
CM
vO
vO
LO
CM
CM
OO
cn
LO
CM
to
cn
•
OJ
LO
CM
vO
vO•
cn
LO
CM
tocn
•
cn
LO
CM
N4 X
X
ttM«—  X
CM
to
0
rH
•§
E-*
mo
/—» 
to
0
P
o
o
43
0
0
CO
to,
0
rH
toU
0
/
o = u
\
observed shielding anisotropies.
It is apparent from Table 3.1 that the INDO chemical shifts are 
numerically smaller than the experimental data in all cases considered. 
Whereas the CNDO/S results are closer numerically to the 13C chemical 
shifts and shielding constants. This is probably due to the orbital 
energies being too widely spaced in the INDO results. It can be readily 
seen from Tables 3.1 and 3.2 that the CNDO/S results are in substantially 
better overall agreement with the observed 13C chemical shifts, absolute 
shieldings, and anisotropies than are those of the INDO calculations. 
Consequently, further discussions of the results will be restricted to 
CNDO/S calculations.
Ab initio calculations on HCN give results of 294.7 ppm and 81.8 ppm 
for A a and o^ respectively While being closer to the experimental 
data than our CNDO/S results they suffer from problems associated with 
gauge variability . For CH3CN the ab initio results for Aa and o^ are
289.7 ppm and 106.3 ppm for the cyanide carbon and 11.9 ppm and 228.7 ppm 
for the methyl carbon(9*0. Q u r  CNDO/S results (Tables 3.1 and 3.2) 
compare favourably with these and the experimental data.
In the case of acetylene our CNDO/S results are in closer agreement
with the observed values of Ao and than are the available ab initio
data, which are 204.8 p p m ^ ^  and 172.9 p p m ^ ^  for Aa and 142.9 ppm and 
(99)164.1 ppmv J for o^. For monomethylacetylene we find a^ values of 
114.18, 125.92 and 136.82 ppm which are in comparable agreement, to the 
experimental figures, with the values of 134.3, 181.0 and 230.3 ppm obtained 
from ab initio calculations^^.
The data we obtained for the central carbon atoms of dimethyl acetylene 
are in excellent agreement with experiment, whilst that for the methyl 
carbons is a little less reasonable.
Our calculated value of- for methane! is in very close proximity 
to the experimental results and considerably better than the ab initio 
data which are 195.7^^, 218.1^^, and 225.8 p p m ^ ^ . However, for 
Aa these calculations produce values of 35.8^^, 24.4^^ and 12.9 ppm 
which are generally closer to the experimental results than our estimate.
For carbon monoxide we obtained good agreement with the observed 
values of A a and a^. Values of 389.5 and 11.5 ppm respectively are 
reported from ab initio calculations using extended basis sets , which 
are also in good agreement. However other ab initio results are much 
less satisfactory, the reported data are -25 ^ “*^, and 476.1 pprn^^ for 
Aa and 2 9 0 ^ ^  and -46.4 p p m ^ ^  for a^. In the case of carbon dioxide 
the reported ab initio results are 264.1 and 107.8 p p m ^ ^  for A a and 
respectively, these are comparable to our findings.
The agreement between the value of a^ for formaldehyde obtained from 
the CNDO/S calculations and the experimental results compares reasonably 
with that obtained from the ab initio data of 14.1^^, 39.1 and 
49.9 p p m ^ ^ .  Our results for acetaldehyde are significantly better than 
those obtained from ab initio calculations which yield 280.0 and 45.2 ppm 
for the Aa and values of the carbonyl carbon and 2.9 and 213.2 ppm for 
the corresponding values of the methyl carbon ^ ^ .
For formamide and formic acid the ab initio results for A a and a^ 
are 206.9 and 87.9 ppm and 198.4 and 74.2 ppm r e s p e c t i v e l y . These 
agree less well with the available experimental results than do those 
reported here.
Having demonstrated that our CNDO/S results agree favourably in most 
cases both with experiment and those available from the much more costly 
ab initio treatments, it is pertinent to compare them with other semi- 
empirical lesults.
Comparable calculations on some of the molecules considered here have 
been reported within the MINDO/2 framework . These results show, for 
planar molecules, that the direction perpendicular to the molecular plane 
is the most shielded one with the exception of the carbonyl carbons of 
acetic anhydride . Our results indicate that the perpendicular 
conponent is the most highly shielded for all of the planar molecules 
considered.
In the case of the carbonyl carbon in acetic acid the. MINDO/2 
calculations predict Aa values of 138.9, 113.20 and 120.1 ppm for 
structures I, II and III respectively. There is thus some ambiguity in 
choosing between structures II and III when comparing with the 
experimental value of 117 ± 10 p p m ^ ^  for A a. Our CNDO/S results 
indicate strongly that in the sample measured acetic acid exists as the 
dimer, structure III.
The MINDO/2 results for the carbonyl conpounds considered ^ 5 ^ , 
suggest that the 13C shielding anisotropies of the carbonyl carbons 
decrease along the series H 2C0 > CH3CH0 > (CH3)2C0 > HC02H > CH3C00H > 
(CH3C0)20 whereas the experimentally observed order (CH3)2C0 > CH3CH0 > 
CH3C00H > (CH3C0)20 is reproduced by the CNDO/S calculations. This 
ordering reflects a decrease in the z component of the parmagnetic term 
of the shielding tensor corresponding to an increase in energy of the 
lowest n 7T* transition along the series.
The values of Aa(ppm) obtained from the MINDO/2 calculations are as 
follows: methanol 31.5, formaldehyde 250.5, formic acid 162.5,
acetaldehyde 194*0, and 17.0 for the carbonyl and methyl carbons
r o i  o o 'i
respectively; similarly 179.0 and 35.0 are reported for acetone1 *
These are in satis factory overall agreement with the results reported here 
and experimental data where available. The MINDO/2 results for benzene
and the methyl and phenyl carbons of toluene respectively give Aa values 
of 177.0, 10.5 and 159.0 ppm which are generally closer to the 
experimental figures than the data reported here.
Since values for the diamagnetic contributions to are not given 
in these MINDO/2 calculations^ ^  it is unfortunately not possible 
to compare the MINDO/2 estimates of with those obtained from the 
present CNDO/S calculations. However, approximate MINDO/2 estimates of 
correct to within ±5 ppm are obtained using the r e p o r t e d ^  
values together with a constant contribution of 260 ppm for a^V It is 
worthwhile mentioning that the magnitude of the diamagnetic contribution 
to the shielding constant, a^, is found to be insensitive to the choice 
of the wavefunction under consideration. An average value of 
260 ± 5 ppm is obtained for the 13C diamagnetic shielding by CNDO/2,
INDO, CNDO/S, M I N D O / 3 ^ ^  and ab initio c a l c u l a t i o n s .
The values of (ppm) estimated in this way are as follows: 
methanol 27.0, formaldehyde -133.0, formic acid -60.3, acetaldehyde -91.3 
and 40.7 for the carbonyl and methyl carbons respectively; similarly 
-94.3 and 45.7 are obtained for acetone, acetic acid -55.8,-53.6 and 
-49.5 for the carbonyl carbon for structures I, II and III respectively, 
benzene -53.0, toluene 60.0 and -40.0 for the methyl and phenyl carbons 
respectively. These results clearly indicate that the absolute shielding 
constants, a^, for the cases considered are systematically greatly 
underestimated by the MINDO/2 calculations.
In Table 3.4 the CNDO/S results for the principal components of the 
13C shielding tensor of various molecules are reported with some 
experimental results using the same local cartesian coordinate sets 
depicted in Table 3.2.
The agreement between the two sets of data is, in most cases,
reasonable. However, there are some exceptions such as carbonate, acetone, 
acetaldehyde and acetic anhydride where local interactions in the solid 
state could render a comparison with calculations on isolated molecules 
invalid.
The available ab initio data are as follows: for HCN, a = 278.3 --------------------  9 zz
and a = a ~ -16.4 p p m ^ ^ ; for the methyl and cyano carbons respectively 
yy XX
of CH3CN, a „ = 236.3 and a = 224.0 ppm, a = 299.4 and a =9.7 p p m ^ ^ ; zz yy zz yy
for acetylene azz = 279.4 and a = 106.5 or 83.5 p p m ^ ^  ; for methyl-
acetylene 1CH3C2=C3H the values of a „ and o for the three carbons arezz yy
respectively 233.3 and 228.9 ppm, 302.1 and 120.5 ppm, 259.8 and
71.7 p p m ^ ^ ;  for carbon monoxide various ab initio calculations yield
azz = 271.2 and = -118.4 p p m ^ ^ ,  azz = 273 and = 294 ppm^*^,
azz = 271.0 and a = -205.1 p p m ^ ^ ,  whereas for carbon dioxide
cr = 283.9 and a ^  = 19.8 ppm^*^.zz yy
The agreement between the CNDO/S results for the 13C chemical shifts,
6 , expressed relative to benzene, and the experimental results, is demon­
strated in Figure 3.1. The overall agreement is reasonable with a correlation 
coefficient of 0.8902 and a standard deviation of 19.79 ppm. However, if 
points 4, 15 and 26 are ignored then the standard deviation becomes 
9.95 ppm and the correlation coefficient is 0.9736. Point 26 corresponds 
to the carbonyl carbon of acetic anhydride and its deviation from the least 
squares line could be, to some extent, due to the presence of water in the 
experimentally examined sample. The deviation of point 15, due to 
carbonate ion, could similarly arise from the presence of hydrogen bonding 
or ion association in solution.
Improved agreement is obtained between the calculated and observed 
13C shifts by comparing groups of carbon atoms in similar electronic 
environments. This behaviour is also found in the present CNDO/2 and 
INDO calculations. This common feature of the present all-valence
TABLE 3.4
Some experimental values (85,87) ^  the principal components 
of the absolute 13C shielding tensor ^  compared with
CNDO/S results
Experimental Calculated (ppm)
Molecule
aaa Q33
a
TY axx V azz
HCN 264 - 18 - 18 - 0.83 - 0.83 259.59*
CH3CN 283 - 28 - 28 1.52 1.52 266.69*
c h 3cn 196 !91 191 129.03 129.03 139.83*
c h 3n c - - - - 94.46 - 94.46 244.63*
c h 3nc - - - 141.16* 141.16 135.22
H-CeC-H 283 38 38 44.92 44.92 260.62
CH3-CeC-H - - - 52.6 52.6 237.33*
ch3-cec-h - - 50.13 50.13 277.53*
ch3-cec-h . - 135.9 135.9 138.70*
CH3-CeC-CH3 251 50 50 52.36 52.36 254.99*
CH3-CeC-CH3 199 185 185 140.39 140.39 149.52*
c h 3o h 190 124 124 144.2 158.09* 144.2
TABLE 3.4 (Cont)
Molecule
Experimental
(ppm) Calculated (ppm)
(c)
O °no 0aa 33 yy xx yy zz
0
ii
c
h 3c h
0
II
c
h 3c /  ch3
0
B
h2n ^  \
0
II
h2n \ h 2
0
II
C HV
CO 106 - 41 - 83 21.62 160.9 - 66.38
CH3 193 153 141 139.09 143.48* 121.73
CO 117 - 69 - 83 9.13 160.48* - 75.47
CH3 197 147 147 145.12* 142.77 125.85
9.66 165.19* - 3.89
12.57 168.17* 34.02
45.29 171.44* - 5.67
0
S H
/  \  /
H,C 0
0
II
/ ° \
H3C 0
H
CO
ch3
CO
ch3
CO/ 0- *H—  0
H3C"C\  cil3
C — H* *0
63.25 168.92* - 39.12
140.14 141.31* 124.15
58.8 168.92* - 46.92
142.31* 140.17 122.54
95 2 1 - 6 4  27.73 174.65* 86.68
197 162 162 131.94 149.81* 148.27
TABLE 3.4 (Cont)
Molecule
Experimental calculated (ppm)^
(ppm)
cr onn o o a a
aa 33 yy xx yy zz
0 0 CO 83 83 - 82 24.17 169.55* 84.84
ii H
C C CH3 197 162 159 151.9* 148.17 136.21
H 3C ^  V 's’ch3
0 CO - - - 62.81 174.1* 17.39
,C >C2H 3 0 %  - - - 142.19 162.58* 160.73
' '  \  /
H 3C: 0 r2CZH 3 - - - 143.04 143.93* 129.54
186 6 6 28.16 153.86* 28.16
CH3 CH3 - - 141.09 146.79* 143.09
(b)
_  _  _ 58.47 155.36* 4.16O
l '
I Ring
(a) Principal tensor components according to ^ cr^ z a .
(b) The results for the phenyl carbons are averaged.
(c) The most shielded component of the 13C shielding tensor is 
marked *.
(p
pm
)
Figure 3.1
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Comparison of experimental and calculated (CNDO/S) 13C chemical 
shifts with respect to benzene, slope = 1.64, intercept =16.5 ppm.
electron send-empirical calculations is reflected by the excellent 
correlation between the calculated and experimental 13C chemical shifts 
in six-menibered N-heterocycles displayed in Table 3.5 and in Figures 
3.2, 3.3 and 3.4 for CNDO/2, INDO and CNDO/S results respectively. In 
all cases, the least-squares fit has a standard deviation of ca. 3 ppm 
and a correlation coefficient of 0.98.
Since the present CNDO/S calculations are in satisfactory agreement 
with observed 13C nuclear shieldings and anisotropies, it is therefore 
worthwhile to use the CNDO/S results to investigate the nature of the 
electronic factors governing the 13C paramagnetic shielding tensors, in 
particular the contributions to from various singlet electronic 
transitions.
Some contributions to the paramagnetic component of the 13C 
shielding tensor are given in Table 3.6. For the linear species, CO,
C02, HCN, CH3CN, CH3NC and H-CeC-H, the major contribution to arises 
from the lowest energy o  ■-* tt*  transition. In most cases this also
coincides with the largest value of the corresponding magnetic integrals.
. * .
However for C02, HCN, CH3CN and H-CeC-H, appreciable contributions are
also encountered from higher energy tt cr* transitions which have larger
values for the appropriate magnetic integrals.
In the case of C03“ the two in-plane components x and z are 
dominated by the lowest energy n -*■ tt* transition. Appreciable 
contributions are also found from the higher energy tt + o* transition 
due to its larger value for the magnetic integral. The out-of-plane 
component, y, has significant contributions from a number of a -*• a* 
transitions, the higher energy ones having the larger magnetic integrals 
in general.
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Figure 3.2
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Plot of experimental 13C chemical shifts of some N-heterocycles 
against the values calculated by the CNDO/2 method. Slope = 1.87 
intercept = -1.36 ppm.
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Plot of experimental 13C chemical shifts of some N-heterocycles 
against the values calculated by the INDO method. Slope = 1.52 
intercept =-0.59 ppm.
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25
15-
«o
15-
25
-4
calc
Plot of experimental 13C chemical shifts of some N-heterocycles against 
the values calculated by the CNDO/S method. Slope = 3.84, 
intercept =-1.36 ppm.
TABLE 3.6
CNDO/S contributions to the paramagnetic components 
of the 13C snielding tensor for CO, C02, C03*~, HCN, 
CH3CN, CH3NC, HCeCH and HCHO (ppm)
Molecule Compo­nent
(a)
Transition
Calculated Contribution 
transition • to aP 
energy (eV) (ppm)
Magnetic^ 
integrals 
(au)
CO X lcMfcr* 37.556 - 16.452 -0.2131
x 2a-+6ir* 13.240 8.957 0.0409
t 4Tr-+8a* 21.628 - 49.144 -0.3666
y — *z 5a+67r* 6.228 -316.022 -0.6791
y This component is identical to the x conponent.
z This conponent makes no contribution to a?.
oco X 2a-KL0rr* 36.594 - 34.438 -0.4324
x 4m+12cr* 27.710 - 69.933 -0.6686
t 6a-+97r* 10.268 - 97.798 -0.3465
y-*z
y This component is identical to the x component.
z This component makes no contribution to cr .
0:i* = X 3cr-KL3TT* 31.386 - 27.692 -0.2999• f ♦
.*c- 6a-KL3TT* 11.385 - 41.174 -0.1617
*y
0 *0^ 77r-KL6a* 23.576 - 63.395 -0.5157
z 9n-+137r* 5.925 - 90.712 -0.1855
f
y - * x y 2a-KL6a*
3a-+15a*
45.284
45.276
- 20.326
- 20.359
-0.3176
-0.3180
5a-+16a* 24.737 - 26.399 -0.2254
6cx-+15a* 24.732 - 26.425 -0.2255
8n+16a* 18.716 11.377 +0.0734
9n-+15cr* 18.675 11.408 +0.0734
z This component is identical to the x component.
TABLE. 3.6 (Cont)
Molecule Compo-nent
(a)
Transition
Calculated Contribution 
transition to aP 
energy (eV) (ppm)
Magnetic ^  
integrals
(au)
H-C=N X la+bir* 27.937 - 12.647 -0.1220
x 2a-+6Tr* 16.388 - 24.116 -0.1364
t 3a+6TT* 7.145 -126.764 -0.3126
y-*z 57P+9a* 15.728 -100.194 -0.5440
y This conponent is identical to the x conponent.
z This conponent makes no contribution to a^.
CH3-C=N X 2a-+107r* 27.592 - 16.969 -0.1615
X 4cr+15a* 24.808 - 12.040
-0.1030
t 5a->15a* 24.808 - 5.423 -0.0464
y _ Z 6a->9iT* 7.250 - 26.988 -0.0675
6a-+10Tt* 7.250 -109.043 -0.2727
77r+15a* 15.936 - 14.640 -0.0805
8tt+-12o* 11.502 7.337 0.0290
87P+15a* 15.936 - 62.105 -0.3414
y This component is identical to the x conponent.
z This component makes no significant, contri­
bution to a-P .
CH3NC x 2a-+9?r* 25.642 - 8.104 -0.0718
' 5a-KL4a* 17.857 5.558 +0.0342
I 5a-KL5a* 24.745 - 7.094 -0.0605
y ~ * z 6a->-9i7* 6.200 -2X8.194 -0.4672
6a+10ir* 6.206 - 57.385 -0.1229
7TT-i-15a* 15.969 - 8.023 -0.0442
8ir->-14ff* 11.371 - 11.738 -0.0460
Sii-i-j 5a* 15.969 - 43.590 -0.2401
y This conponent is identical to the x component.
z This component makes no significant contri­
bution to cfP.
TABLE 3.6 (Cont)
r r x Calculated Contribution .-Magnetic ^
Molecule ^  T transition to a? integrals
nent Iransition energy(eV) (ppm) (au)
H-C=C-H x la-+6if* 24.917 - 6.913 -0.0594
3a+6ir* 11.507 -104.434 -0.4148
f 4Tr-+10a* 14.138 -104.089 -0.5079
y — >z
y This conponent is identical to the x conponent.
z This conponent makes no contribution to
0
II
- ' N
z
i
y - . x
la+-7Tr* 35.593 - 12.977 -0.1593
2a-+77r* 17.602 - 16.418 -0.0996
4a->7ir* 8.398 -150.162 -0.4352
57r-+10a* 19.172 - 77.896 -0.5152
la-+9a* 43.547 - 6.182 -0.0930
2a-+9a* 24.989 - 14.922 -0.1287
3a->10cr* 26.900 - 48.693 -0.4519
4o+9cr* 16.817 - 33.169 -0.1925
6n+8 a* 9.616 - 6.401 -0.0213
6n-+10a* 16.971 13.077 0.0766
3o->7tt* 12.848 - 33.751 -0.1496
5ir+9cr* 13.282 - 50.384 -0.2309
6n->7Tr* 3.243 -227.568 -0.2546
(a) Transitions contributing less than 5 ppm to cr^  have been 
omitted.
(b) The magnetic integrals term is defined for the transition 
j-»k as <j|La |k><k|r 3L,Qt|j> given by equations {2.22} and 
{2.23}.
TABLE 3.7
CNDO/S contributions to the paramagnetic component of 
the 13C shielding tensor for some carbonyls (ppm)
ransition Component HCHO CH3CH0 (CH3)2C0 (NH2)2C0
X 0.0 - 2.035 - 21.769 0 . 0
a -*■ a* y -107.833 -103.674 -102.584 - 96.220
•7 0.0 - 2.718 - 32.866 0.0
average - 35.944 - 36.143 - 52.406 - 32.073
X 0.0 - 0.072 0.0 0. 0
n -*■ a* y 6.675 6.285 5.052 7.558
z 0.0 - 1.767 0.0 0 . 0
average 2.225 1.482 1.684 2.519
X -179.557 -156.470 -171.256 -165.801
a -> t t* y 0.0 0.0 0.0 0 . 0
z - 33.751 - 33.834 - 34.840 - 73.883
average - 71.103 - 63.435 - 68.699 - 79.895
X 0.0 - 0.967 0.0 0. 0
n -> tt* y 0.0 0.0 0.0 0 . 0
z -227.568 -236.256 -251.34 - 84.875
average - 75.856 - 79.074 - 83.78 - 28.292
X - 82.803 - 79.478 - 55.853 - 78.458
tt -> a* y 0.0 0.0 0.0 0 . 0
z - 50.384 - 47.744 - 14.439 - 64.05
average - 44.395 - 42.407 - 23.430 - 47.503
Total -225.07 -219.58 -226.63 -185.24
Finally for formaldehyde, the x conponent is dominated by the low 
energy a u *  transition, whereas the lowest energy n it* transition 
gives the dominant contribution along the z direction, i.e. along the 
C=0 bond. Furthermore, the y conponent is dominated by the a a* 
transitions.
As expected, the low energy n -»•-tt* transitions play the most
important role in the case of the carbon nucleus directly linked to the
carbonyl oxygen as exenplified in the case of formaldehyde. Table 3.7
shows the collective contributions from the various kinds of transitions
for the carbonyl carbon in H2C0, CH3CHO, (CH3)2C0 and (NH2)2C0. Although
n ■+■ tt* transitions make the dominant contributions to cP for these
molecules (with the exception of urea), the contributions from other 
■ ■ } 
types of transitions, particularly the o  t t *  ones, are by no means
negligible. However, the observed 13C shifts trend for these molecules
parallels fairly well the calculated contributions to from n -+ tt*
transitions which usually have the lowest energies compared with other
types of transitions. This could provide a rationalization for the
good correlation reported between the n -+ tt* transition-energies and the
observed 13C chemical shifts of some carbonyls .
Bearing in mind the very different types of environment experienced 
by the carbon nuclei in the examples chosen it is shown that the present 
calculations provide reasonable agreement with the available experimental 
results on the absolute values of the individual components of the 13C 
nuclear shielding tensors and their anisotropies. Average values of the 
tensors and the corresponding 13C chemical shifts are also reproduced 
satisfactorily in a number of cases.
Although the CNDO/S calculations are much cheaper to perform than 
ab initio calculations the present results are in many cases comparable
to those obtained from ab initio procedures and in some instances are in 
better agreement with the observed data. This is possibly due to the 
fact that our results are gauge independent in contrast to those 
obtained by a number of ab initio calculations. It is to be hoped that 
further experimental data on the 13C nuclear shielding tensor will soon 
become available to test some of our predictions.
3.2 Boron chemical, shifts
3.2a Introduction
The element boron has two naturally occurring isotopes 10B and X1B.
The isotope X1B (I = 3/2) has an abundance of 81.2% and a sensitivity 
16.51 that of the proton at a constant field value. However, despite its 
small nuclear quadrupole moment, broad lines are usually observed. The 
other isotope 10B (I = 3) has an abundance of. 18.81 and only 21 of the 
sensitivity to NMR detection of the proton.
High resolution NMR investigations(106,107) 0f boron invariably feature 
the more abundant X1B isotope whose advantages over 10B are large natural 
abundance and higher natural sensitivity to"NMR detection. Hie most common­
ly used reference compounds in boron NMR studies are metnyl borate B(OCH3) 3 
and boron trifluoroetherate BF3 :0(C2H5)2, both of which are readily avail­
able substances and give rise to sharp J1B absorption bands. The former 
reference, methyl borate, is chosen for the present study on the merit of 
its convenience from the theoretical point of view.
Until recently, progress in the field of boron chemistry has been 
markedly slow. This is also reflected in the relatively slower develop­
ment of :iB NMR, experimentally as well as theoretically, compared with 
that of other nuclei.
The theoretical interpretation of 1XB chemical shifts of the three
isomeric icosahedral carboranes, Bi0C2Hi2, has been attempted by Lipscomb
et a l ^ 8) using Pople’s theory within the AEE approximation. It was .
found that a plot of the corrected shifts 6^ = 6o^s - oa against
CQaa + I QaJ  was essentially linear. It was therefore c l a i m e d  
B(fA)
that the shifts in these compounds could be satisfactorily explained in 
terms of differences in the paramagnetic shielding of the boron atoms.
Moreover, 1 *B chemical shifts of other boron compounds are also 
fl081
thought^ ; to be dominated by the local paramagnetic shielding 
differences.
3.2b Results and Discussion
In the. present study, J1B chemical shifts with respect to methyl- 
borate, B(OCHs) 3, have been calculated by means of Pcple’s GIA0-M3 method, 
in conjunction with INDO and CNDO/S wavefunctions. The paramagnetic 
contributions to the X1B shieldings were also calculated by means of the 
Average Excitation Energy (AEE) approximation (equations {2.26} and 
{2.27}) using the INDO and CNDO/S methods.
These calculations also yield values for the 11B shielding constants 
and anisotropies but no experimental data are yet available for comparison
The results of some CNDO/S calculations of 1JB shielding constants 
and chemical shifts are reported in Table 3.8 together with the available 
experimental data for a variety of trivalent boron derivatives. The 
comparable INDO results are given in Table 3.9. In Table 3.10 we present 
the results of some INDO and CNDO/S calculations of the 1XB paramagnetic 
shielding tensor and its anisotropy using the same local cartesian 
coordinate set depicted in Table 3.8.
These calculations (Tables 3.8 and 3.9) clearly show that differences 
in X1B chemical shifts are governed almost entirely by changes in c^. The 
variation in a^ is within ±1.4 ppm, i.e. less than 2% of the experimental 
chemical shift differences given in Table 3.8. This is in agreement with 
other estimates of o^ for C, N, 0 and F n u c l e i . An overall average 
value of 199.3 ppm for is obtained from both the INDO and CNDO/S
calculations.
TABLE 3.8 x
Boron-11 shieldings and chemical sh if ts  fo r molec'ilcs of the type ll calculated from CNDO/S data
1/ Y
CNDO/S resu lts Experimental
B
zx
y -^ x
AEE Pople's method
6(a,b)
No X Y Z q0+ir irq P(C) AE o .p av A «AP aA
(a)
6
1 OCH, OCH, OCH, 2.6392 0.4304 -1410.8 - 69.02 129.31 0.0 0.0
2 H OCH, OCH, 2.7242 ; 0.3511 -1302.2 -  82.41 117.20 12.11 7 .8t107)
3 F OCH, OCH, 2.4887 0.3886 -1424.3 - 75.13 121.26 8.05 . 2 . 5 t107)
4 CH, OCH, OCH, 2.7022 0.3676 -1358.5 -  84.39 114.88 14.42 11.2(107)
5 N(CH,)2 OCH, OCH, 2.6823 0.4404 -1399.0 -  77.52 121.56 7.75 -  3.0 t107)
6 CH, CH, CH, 2.8030 0.1421 -1258.3 -126.69 73.03 56.28 68.O^107)
7 OCH, CH, CH, 2.7688 0.2720 -1303.2 -102.57 96.77 32.54 34.7 (107)
8 O CH, CH, 2.7673 0.2498 -1287.4 -105.05 94.77 34.54 37.9(109)
CH.
CH,
10 C2Hs
11 N,
12 N(CH,)2
13 H
14 F
15 CH,
16 OCHj
17 K
18
CH,
C2Hs
C2Hs
N(CH,)2
N(CH,)2
N(CHj) 2
N(CHj) 2
N(CH3) 2
N(CH,)2
CH, 2.7896 0.2510 -1280.2 -101.54 98.47 30.84
o  o
19 CH,
20 C2H5
21 N(CH,)2
22 N(CH,)2
23 F
N.
C2H, 2.8153 0.1466 -1247.6 -131.12 68.75 60.56 68.2
c2h. 2.7828 0.2488 -1280.4 -103.32 96.65 32.66 38.71
N'(CH,)2 2.7547 0.4787 -1373.9 - 96.8 102.8 26.51 9 .01
N(CH,)2 2.8014 0.39o3 -1271.5 -102.17 98.17 31.14 10.31
N(CH,)2 2.5693 0.4291 -1401.9 - 94.00 103.32 25.99 3 .51
N(CH,)2 2.7775 0.4053 -1331.9 -102.89 97.09 32.22 1S.21
N(CH,)2 2.7184 0.4578 -1387.3 -  87.13 112.02 ' 17.29 6 .8 (
N(CH,)2 2.7258 0.4693 -1374.4 -  90.33 109.46 19.85 8 .11
0
2.6600 0.4161 -1369.9 -  83.57 116.22 13.09 9.5*
2.7181 0.3385 -1324.5 -  93.16 106.95 22.36 16.5*
N0o o
CH, OCH,
F
2.7272
2.6934
2.7383
2.1297
0.3383
0.4390
0.3809
0.2248
-1320.7
-1372.7
-1345.2
-1428.7
92.85
87.24
93.69
91.95
107.33
112.39
106.03
100.05
21.98
16.92
23.28
29.26
42.0(109>
(107)
(109)
(107) 
(107) 
(107) 
(107) 
(107)
(109)
(109)
(109)
21.lt109)
8.2 (109)
13.5(107>
- 8 .9 (107>
(a) The chemical sh if ts , 6, are expressed in ppm with respect to B(0CH,),, sh ifts  io high frequency 
are positive.
(b) Original data are converted to the B(0CH3) ,  reference scale using the conversiont107) 
fiB(0CH,)3*' 5BF,:0(C2Hs) 2~ 18,3 P*51" (w*iere ^  scales, sh if ts  to high frequency are positive).
(c) Given in  un its of ppm eV.
TABLE 3.9
Boron-11 shieldings and chemical shifts for the molecules 
listed in Table 3.8 calculated from INDO data
Molecule 
No ^
INDO results^
qa+Tr qir
AEE PopleTs method
AE a.p av A “AP °A
1 2.4533 0.5118 -1427.8 -55.48 141.52 0.0
2 2.5823 0.4447 -1306.4 -60.91 137.45 4.07
3 2.3703 0.4898 -1435.4 -54.76 141.06 0.46
4 2.6170 0.4805 -1378.8 -57.17 141.39 0.13
5 2.5750 0.5625 -1399.7 -53.99 144.16 - 2.64
6 2.9047 0.3216 -1291.0 -62.35 138.26 3.26
7 2.7733 0.4243 -1336.6 -60.08 139.54 1.98
8 2.8897 0.4491 -1297.9 -55.24 145.40 - 3.88
9 2.8812 0.4497 -1300.2 -53.53 147.05 - 5.53
10 2.8769 0.3240 -1288.1 -62.08 138.42 3.10
11 2.8812 0.4509 -1293.5 -54.26 146.34 - 4.82
12 2.7971 0.6385 -1342.0 -51.76 148.20 - 6.68
13 2.8576 0.5752 -1238.5 -55.41 145.17 - 3.65
14 2.5947 0.5881 -1390.0 -51.77 146.10 - 4.58
15 2.8682 0.5935 -1313.0 -54.22 146.37 - 4.85
16 2.6885 0.6037 -1371.3 -52.82 146.21 - 4.69
17 2.7931 0.6311 -1342.5 -49.26 150.75 - 9.23
18 2.7686 0.5839 -1345.0 -47.27 152.79 -11.27
19 2.8369 0.5282 -1317.3 -50.29 150.32 - 8.8
20 2.8387 0.5294 -1314.4 -49.52 151.04 - 9.52
21 2.7858 0.6155 -1343.0 -48.21 151.95 -10.43
22 2.7563 0.5451 -1344.6 -56.04 143.43 - 1.91
23 2.1808 0.4361 -1445.1 -53.57 140.08 1.44
(a) See footnotes (a), (b) and (c) of Table 3.8.
(b) Numbers correspond to those given in Table 3.8.
(c) The experimental results are given in Table 3.8.
Contributions to n B shieldings due to the non-local terms a^on^oc 
and a^Qn^oc are found to be negligible. For example, the values 
calculated for anonloc are L^n nK)St cases ^ess tllian ^.2 ppm while those
calculated for anonloc are within 1 ppm.
The experimental chemical shifts for series of closely related 
molecules are often assumed to be linearly related to the calculated atomic 
or Tr-orbital electron densities. Such simple relationships, while being 
qualitatively valid in some types of systems, do not represent fundamental 
electronic effects. In addition, these relationships are of little 
theoretical significance and are often rather gross oversimplification of 
what, in reality, is a quite complicated problem, since factors like the 
electronic singlet-singlet transition energies and magnetic integrals 
(equations {2 .22} and {2.23}) which govern the observed differences in 
nuclear magnetic shieldings are by no means simple linear functions of 
charge densities.
The experimental 1JB chemical shifts given in Table 3.8 show no 
such siuple relationship with the total charge densities calculated by 
both the INDO and CNDO/S methods (Tables 3.8 .and 3.9). However, these 
X1B chemical shifts are found to be linearly related to the ir-charge 
densities, q77, calculated by both the INDO and CNDO/S methods 
(Figure 3.5).
The AEE calculations reported in Tables 3.8 and 3.9 give results 
which do not correlate with the observed 1XB shifts and in most cases are 
in the direction opposite that found experimentally.
Tables 3.8 and 3.S show that the INDO chemical shifts are numerically 
smaller than the experimental data in all cases considered. Whereas, the 
CNDO/S results are in very close proximity to the observed 1XB chemical 
shifts with subsequently better overall agreement.
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The agreement between the INDO results and the experimental 1XB 
chemical shifts is poor and the plot (Figure 3.6) of experimental 1XB 
chemical shifts against INDO results show considerable scatter. The 
least squares fit has a standard deviation of 20 ppm and a correlation 
coefficient of 0.329.
On the other hand, the CNDO/S parameterisation gives 1XB chemical
shifts in satisfactory agreement with experiment. The plot (Figure 3.7)
of experimental 11B chemical shifts against the CNDO/S results shows a
satisfactory linear correlation. Apart from BF3 (point 23) which is
completely anomalous, the least squares line has a standard deviation of
8 ppm and a correlation coefficient of 0.91. However, if points 12, 13,
14 and 15 are omitted the correlation becomes 6 = 1.421 6 y  - 12.74 ppmexp caic
with a standard deviation of 4.9 ppm and a correlation coefficient of 
0.976.
The present calculations (Table 3.10) for the principal components 
of the paramagnetic component of the 1*B shielding tensor, indicate that 
the 1XB shielding tensors are characterised by relatively smaller aniso­
tropies, Act. The CNDO/S calculations give shielding anisotropies about 
three times greater than those obtained from the INDO calculations. This 
is again due to the orbital energies being too widely spaced in the INDO 
results. In both calculations, the most shielded component is that in 
the direction perpendicular to the molecular plane, which has major 
contributions from the high energy o-a* excitations.
In view of the small values of Aa quoted in Table 3.10, one would 
expect that relaxation through the shielding anisotropy is of little 
significance for J1B nuclei, which relax: predominantly by means of the 
quadrupolar mechanism.
Figure 3.6
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Plot demonstrating the lack of agreement between the experimental 1XB 
chemical shifts and the INDO results.
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Figure 3.7
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Comparison of the experimental 11B chemical shifts and the values 
calculated by the CNDO/S method.
Slope =1.35, intercept = -14.63 ppm.
TABLE 3.10
The results of some CNDO/S and INDO calculations of the 
principal components of the paramagnetic contribution 
to the J1B shielding tensor ^  and its anisotropy
Molecule
N o ^
CNDO/S results (ppm) INDO results (ppm)
a p a p a p A a ^  a p a p a p xx yy zz xx yy zz
a P (E)Act
1 - 82.3 -42.57 - 82.3 39.73 -60.28 -45.88 -60.28 14.40
2 -106.52 -51.78 - 88.94 45.95 -64.50 -47.88 -70.37 19.56
3 - 80.99 -50.50 - 93.90 36.95 -53.70 -48.01 -62.58 10.13
4 -115.30 -51.77 - 86.12 48.94 -62.46 -46.60 -62.46 15.86
5 -102.67 -46.23 - 83.66 46.94 -61.32-43.35 -57.30 15.96
6 -148.57-83.18 -148.31 65.26 -68.64 -49.70 -68.72 18.98
7 -104.74 -64.64-138.35 56.91 -63.52 -48.2 -68.52 17.82
8 -110.89 -73.74 -130.53 46.97 -58.69 -44.92 -62.13 15.49
9 -106«32 -70.87 -127.42 46.00 -56.77 -44.77 -59.05 13.14
10 -158.27 -82.68 -152.41 72.66 -68.76 -48.72 -68.76 20.04
11 -105.78 -73.46 -130.73 44.80 -57.12 -45.14 -60.52 13.68
12 -307.55 -170.03-217.11 92.3 -57.49 -40.29 -57.49 17.2
13 -121.02 -63.71 -121.8 57.7 -56.35 -42.42 -67.45 19.48
14 - 89.84-59.73-132.44 51.41 -49.47 -42.13 -63.72 14.47
15 -126.99-64.35 -117.32 57.81 -58.20 -42.33 -62.14 17.84
16 - 95.69 -51.36 -114.34 53.66 -55.50 -41.97 -60.98 16.27
17 - 98.06-57.30-115.64 49.55 -50.06 -39.48 -58.24 14.67
18 - 96.11 -58.49 -96.11 37.62 -51.11 -39.54 -51.11 11.57
19 -117.39 -63.53-96.57 41.45 -56.48 -41.80-52.60 12.74 ,
20 -117.01 -65.76 -95.77 40.63 -54.87 -42.11 -51.59 11.12
21 -111.15-57.68 -92.90 44.35 -57.20 -39.08 -48.27 13.56
22 -127.52 -57.05 -96.49 54.96 -65.96 -44.62 -57.53 17.13
23 - 99.28 -77.4 -99.17 21.83-52.84-55.03 -52.84 1.1
(a) See footnotes (a) and (c) of Table 3.2.
(b) Numbers correspond to those given in Table 3.8.
(c) The appropriate molecular axes are those depicted in Table 3.8.
TABLE 5.11
The CNDO/S contributions^ to the paramagnetic 
components of the boron shielding tensor 
for B(CH3)3
Molecule Compo­nent
Transition
(b)
Calculated 
transition 
energy(eV)
Contribution Magnetic 
to aP Integrals 
(ppm) (a.u)
ch3
1
X 3a-KL3Tr* 26.136 - 5.86 -0.0528
l
B
/ V
h3c ch3
4tt->T5cf*
4ir-^ 19a*
18.035
19.399
- 3.51
- 4.64
-0.0218
-0.0310
z
t
y — x
7a->13ir* 13.121 - 5.23 -0.0237
llcKL3Tr* 6.052 - 14.23 -0.0297
12a+137r* 6.007 -106.29 -0.2203
12a->24ir* 13.380 - 4.35 -0.0200
y 5a-KL9a* 18.942 - 6.00 -0.0392
7a-KL8a* 18.457 - 6.48 -0.0413
llcr-KL5a* 11.496 - 9.49 -0.0376
lla-KL6a* 11.521 - 9.99 -0.0397
llcr-KL9cr* 12.891 - 8.68 ' -0.0386
12cr+15a* 11.446 - 9.36 -0.0369
12cr-KL6a* 11.450 - 9.08 -0.0359
12cr-KL9a* 12.793 - 9.85 -0.0435
z This component is identical to the 
x component
(a) See footnote (b) of Table 3.6
(b) Transitions contributing less than 3 ppm to have been 
omitted.
To illustrate which particular electronic excitations dominate the 
values calculated for the J1B paramagnetic shielding tensors, the 
principal CNDO/S contributions in B(CH3)3 are collected in Table 3.11. 
These results show that for the B(CH3)3 molecule the two in-plane 
components and are dominated by the lowest energy a ->■ tt*
Jwv ZZ
transition with the largest value of the corresponding magnetic integral. 
However, in contrast to our findings for 13C shielding (Section 3.1b), 
contributions to the riB shielding from it a* transitions are almost 
negligible. This may be attributed to higher energies and considerably 
smaller values of the corresponding magnetic integrals found for these 
transitions. Finally the out-of-plane conponent has significant 
contributions from a nunber of a -> a* transitions.
The present study demonstrates that the CNDO/S calculations reported 
here provide a satisfactory account of the X1B chemical shifts. It is 
anticipated that the present CNDO/S results may provide a reasonable 
estimate of the 11B shielding constants and anisotropies for the molecules 
considered here. However, .these predictions are subject to experimental 
verification.
CHAPTER FOUR
N i t r o g e n  Ch e m i c a l  Sh i f t s
4.1 Introduction
Both naturally occurring isotopes of nitrogen, ll*N and 15N are 
capable of being studied by NMR. The isotope llfN (I = 1) has an 
abundance of 99.635% and only a 0.1% of the proton’s sensitivity to NMR 
detection. In addition, the nuclear quadripole moment leads to ' 
relatively broad lines. On the other hand, 15N (I = I) which has equally 
low sensitivity to NMR detection (0.1%) suffers from low natural, 
abundance (0.365%) which necessitates the use of isotopically enriched 
sanples.
Most nitrogen NMR studies have been concerned with the 1IfN nucleus. 
However, recently proton decoupling and Fourier transform techniques 
have been used to give high quality spectra from samples containing 1SN 
in natural abundance. It is worthwhile mentioning that differences in 
chemical shifts according to which isotope of nitrogen is studied can be 
regarded as negligible for chemical purposes.
Ab initio calculations on NH3 and HCN within the perturbed Hartree-
(i6 l a ggi
Fock approach give gauge dependent results^ 9 9 J which approach closer
to the absolute shielding data(49,132) ^  S^ZQ 0£ set used
increases. The gauge dependence problem has been obviated by ab initio
f 28^
calculations using the GIAO method1 Hie best agreement with experiment 
for NH3 and HCN is again found with an extended basis set.
Uncoupled Hartree-Fock calculations, with standard INDO parameters, 
based upon equation {2.21}, have been reported for some nitrogen-oxygen- 
halogen compounds . These show that the high frequency shift of 
250 ppm for N02” compared with N03 , is largely due to a low energy 
excitation involving a lone pair in N02 .
The high frequency shift of the nitrogen signal of FNO, with respect
to FN02, arises from a combination cf effects. The major ones being a 
significant increase in the angular momentum term for the paramagnetic 
conponent in FNO and a large decrease in energy of some of the important 
excitations conpared with FN02^ ^ .
Similar calculations have been reported to satisfactorily account
for the nitrogen shielding differences between pyridine and the 
f411pyridinium ion'* J.
Some simple nitrogen containing molecules have been treated within 
f44jRamsey’s framework^ . Reasonable agreement with the nitrogen chemical 
shifts is only observed within groups of molecules containing nitrogen 
atoms in the same state of hybridization^^.
A more comprehensive compilation of the reported calculations on 
nitrogen chemical shifts, including the more approximate AEE treatments, 
is available e l s e w h e r e 73,110) ^
4.2 Results and Discussion
In the present study, nitrogen chemical shifts with respect to N03"\ 
have been calculated for a variety of molecules by means of Pople’s 
GIAO-MO method in conjunction with the INDO and CNDO/S wavefunctions.
Also reported are the results of some comparable calculations based on 
the ’Uncoupled Hartree-Fock’ method within the INDO framework. Some 
nitrogen shielding constants and their anisotropies are calculated by 
various methods, these are compared with experimental results and other 
reported calculations where available.
The results of some CNDO/S calculations are summarized in Table 4.1 
together with the available experimental data for some nitrogen-containing 
molecules and ions for which the nitrogen shifts range over 650 ppm. The 
results of conparable calculations based on the INDO method are reported
TABLE 4.1
The resu lts  of CNDO/S calculations of the principal components of the 
paramagnetic contribution to the nitrogen shielding tensor, i t s  anisotropy 
and average value and some chemical sh ifts  compared with experimental resu lts
fclCalculated (ppm)v * Experimental (ppm)
No Molecule Axis ---------------:------------------------------ ------------ -------------------------------------------- ---------------- - -----
°xxP °yyP azzP °AP ^  °A ^  , °A
1 x -658.1 -658.1 0 .0 -438.8 658.1 -124.0 107.1 6S7±20(112) -100±20(112) -  14(114)
J - z  - 6 9 ( 117> -70aiS)
2 CN~ x -609.1 -609.1 0 .0 -406.1 609.1 -  87.4 70.5 -  99±1(116)
ty ^ z
3 HCN (d) x -525.7 -525.7 0.0 -350.5 525.7 -  30.3 13.4 577i20(113  ^ -  37±20(113)
y-*-z -  30^117^
4 OCN" x -420.8 -420.8 0 .0  -280.6 420.8 43.9 -  60.8 15S(117) -300(118)
ty-*Z .
5 [0—N -0]* (d) x -370.4 -370.4 0 .0 -246.9 370.4 59.9 -  76.8 -125±10(119^
y—z
6 [N-N-N]" (d) x -415.1 -415.1 0 .0 -276.8 415.1 31.3 -  48.2 -  5fll7 ) -128(120)
J - z  ; ..
7 [n-N -N ]"  x -396.2 -396.2 0 .0 -264.1 396.2 60.0 -  76.9 144(117) -277(121)
y - z
8 N—N -0  (d) x -392.9 -383.9 -  21.0 -265.9 367.4 43.8 - 60.7 512±10(122) S(117) -138(US)
y - z
9 N -N -0  x -445.6 -473.2 -  18.8 -312.5 440.6 8.3 -  25.2 369±15(122) 89(117) -222(115)
t
y - z
10 H,C-CN *d) x -494.2 -494.2 -  22.5 -337.0 471.7 -  16.5 -  0.4 452±10(123) -  16±10t8S) -137(116*
y—z
11 H,C-NC (d) x -384.9-384.9 18.3-250.5 403.2 68.5 -  85.4 360±73(125) 130±20(12SJ -218(116)
y —z 85<124>
12 H2C-i$*»N (d) x -43S.O -386.9 -378.5 -401.1 34.0 -  73.4 56.5 -149(117^t
y - z
13 H2C«fi-N# x -403 .1-519 .4-862 .1-594 .9  287.7-270.0 253.1 -  41(117)
t
y - z
14 I 1’  t -1058.7-121.7-426.2-535.6  620.8-206.1 189.2 237±4(126)
Ip*’ -OJ y—x
(d)
15 /N’. ? -456.5 -  98.8 -456.5 -337.3 357.7 -  16.9 0.0 210±5fl27) -115±20(1273 0 .0y-z
F (d)
16 I, ? -379.6 -243.9 -701.9 -441.8 296.9 -119.9 103.0 116±5(128)
V  y-zo
TABLE 4.1 (Cont)
Calculated (ppm )^ Experimental (ppm)
Axis
o P o P o P o.P xx yy zz A Aa * °A 6 (a) Aa oA
F (d)
17A
0 (e)1
z
ty - x
-295.4 -184.6 -388.7 -289.6 157.5 28.2 -  45.1 - 8 2 ± s W
-  69ilO{129)
18
\
Nv 
F P F
z
ty - x
-241.3 -241.3 -193.6 -22S.4 47.7 87.4 -104.3 -131±5(128)
F (d) -
67(13°)19 N—N^
F^
X
ty - z
-364.1 -239.4 -918.7 -507.4 402.0 -187.5 170.6
20 / N" \  (C) F F
X
t
y—z
-646.2 -230.5 -426.3 -434.3 305.8 -111.5 94.6 5 (130)
21
F\  / F (C) 
N-N
^F
X
ty - z
-467.1 -216.4 -403.3 -362.3 218.7 -  41.6 24.7 -  35(128)
-  47.8<130>
22
ox  y 0  (d)
N~N.
</ \
X
ty - z
-343.4 -221.6 -452.4 -339.1 176.3 -  19.5 2.6 -  11*10^24* 1A- lu 129)
.0 (e) 
0 0
67*10^24* 0/ ■ ■129)23
X -743.7 -195.2 -369.3 -436.1 361.3 -111.5 94.6
24
.  /»
N-N
o y  \
X
fy—z
-989.7 -313.1 -473.8 -592.2 418.7 -267.6 250.7
25
" }
H (d)
z
ty - x
-248.7-248.7 -183.6 -227.0 65.1 99.5 -116.4 39±10^132  ^ 260±20^132  ^
264^124)
-376<133>
26 zty - x
-191.2 -191.2-191.2 -191.2 0.0 131.6 -148.5 220^117i -353.5(134)
(a) The chemical sh if ts , 6, are expressed in ppm with respect to N0,~, sh ifts  to high frequency are positive.
(b) Ao -  o -  1 (aoa ♦ o ) where a , B, y are x, y or z in the convention tha t a is  the most highly shieldedcux pp yy cux
conponent o f the “ N tensor.
(c) For molecules other than linear and symmetric tops the shielding tensor is  diagonalized by a s im ila rity  
transformation.
(d) Molecular geometry from Reference (70b).
(e) Molecular geometry from Reference (40).
TAELE 4.2
The resu lts  o f some INDO calculations of nitrogen shieldings by various methods
Pople's method (ppm) (a) Uncoupled Hartree-Fock method (ppm) (a)
No Molecule <r“*>, * 2p Case 1: <r"J>2p “ 3 f t *
Case 2: <r~ !>2p -  * 3
(b)
“Ap ioP °A 6 V AflP °A 6 °AP AqP °A 5
1 Nj -353.2 529.8 -  36.6 3.1 -378.3 567.4 -  61.6 22.4 -378.3 567.4 -  61.6 89.4
2 CN" -297.4 446.1 23.7 -  57.2 -318.7 477.9 2.4 -  41.6 -356.1 534.1 -  35.0 62.8
3 HCN -258.5 387.7 63.1 - 96.6 -272.4 408.6 49.2 -  88.4 -282.8 424.3 38.7 -  10.9
4 OCN” -216.4 324.5 110.3 -143.8 -224.0 335.9 102.7 -141.9 -272.0 408.0 54.6 -  26.8
5 NO,* -284.8 427.2 17.9 -  51.4 -292.9 439.2 9.9 -4 9 .1 -235.9 353.9 66.8 -  39.0
6 [n- n- n]" -251.1 376.6 54.4 -  87.9 -257.6 386.5 47.8 -  87.0 -223.0 334.5 82.4 -  54.6
7 [N -N -N ]' -238.2 357.4 88.0 -121.5 -247.2 370.6 79.1 -118.3 -306.8 460.2 19.5 8.3
8 N -N -0 -253.8 380.7 52.7 -  86.2 -261.8 392.8 44.7 - 83.9 -226.4 339.6 80.1 -  52.3
9 N -N -0 -292.6 438.9 28.9 -  62.4 -305.4 458.2 16.1 -  55.3 -321.8 482.7 -  0.3 28.1
10 CHjCN -216.1 274.5 106.4 -139.9 -221.8 279.3 100.7 -139.9 -233.7 294.2 88.8 -  61.0
11 CH»NC -176.9 279.6 143.5 -177.0 -180.9 286.7 139.5 -178.7 -178.4 282.7 142.0 -114.2
12 CH2NN -278.3 211.4 43.0 - 76.5 -287.2 217.7 34.1 - 73.3 -261.2 198.0 60.0 -  32.2
13 ch2nn -395.0 33.4 -  71.5 38.0 -414.2 28.6 -  90.7 51.5 -435.6 30.0 -112.1 139.9
14 NOi" -580.3 592.2 -251.7 218.2 -642.3 680.3 -313.7 274.5 -620.9 657.7 -292.4 320.2
15 NO," -347.4 253.3 -  33.5 0.0 -353.2 261.5 -  39.2 0.0 -286.1 211.8 27.8 0.0
16 FNO -402.9 179.9 -  82.9 49.4 -427.0 186.0 -107.0 67.8 -390.3 170.0 -  70.3 98.1
17 FN02 -297.9 112.1 14.0 -  47.5 -304.1 114.3 7.8 - 47.0 -246.3 92.6 65.7 -3 7 .9
18 FjNO -243.7 88.3 67.0 -100.5 -249.4 87.7 61.3 -100.5 -198.0 69.6 112.7 -  84.9
19 trans N2F2 -407.8 242.1 -  87.6 54.1 -433.1 260.4 -112.9 73.7 -415.7 250.0 -  95.5 123.3
20 c is  N2F2 -348.1 167.6 -  26.7 6.8 -362.3 171.7 -  40.9 1.7 -347.3 164.6 -  25.9 53.7
21 n2f* -312.8 142.8 7.9 -  41.4 -319.3 137.0 1.4 -  40.6 -292.6 125.6 28.1 -  0 .3
22 n20* -302.0 80.0 16.3 -  49.8 -307.8 77.3 10.5 -  49.7 -266.5 67.0 51.8 -  24.0
23 onno2 -384.1 224.1 -  64.8 31.3 -396.7 233.1 -  77.3 38.1 -348.6 204.9 -  29.2 57.0
24 onno2 -578.3 422.8 -252.8 219.3 -627.0 469.4 -301.5 262.3 -605.9 453.6 -280.4 308.2
25 Mi, -269.4 112.5 57.3 -  90.8 -286.0 125.7 40.7 -  79.9 -306.3 134.6 20.4 7.4
26 M i/ -192.3 0.0 132.1 -165.6 -197.8 0.0 126.6 -165.8 -198.0 0.0 126.4 -  98.6
(a) See footnotes (a ) , (b) and (c) of Table 4.1.
(b) For nitrogen £ -  1.9S and <r “ ,>2p * 2.472 (au).
in Table 4.2. ‘The results of some TUncoupled Hartree-Fock’ calculations 
are also reported in Table 4.2 for two choices of <r”3>2p* ^ase 1 
it is evaluated by the usual procedure from equations {2.13} and {2.16}, 
whereas in Case 2, following a suggestion by Herring(^>40)^ t e m
w 3
<r >2p is assumed to be constant regardless of its electronic environment. 
In this case, a value of 2.472 (a.u) is used which corresponds to the
—  3
value of <r >7 for a free nitrogen atom.
In Case 1, the TUncoupled Hartree-Fock’ results show close resemblance 
to those based on Pople’s GIAO-MO method with a slight deshielding effect 
in the former due to the difference, K^, between equation {1.17} and the 
energy denominator in equation {2.21}. •
The results obtained in the present work (Case 2) are in agreement 
with the reported ’Uncoupled Hartree-Fock’ calculations for some of 
the molecules listed in Table 4.2. However, for N2Ft* and trans-N2F2, the 
r e p o r t e d v a l u e s  of cP are respectively -243 and -384 ppm, which do 
not coincide with the values obtained in the present work using the same 
method.
The results in Tables 4.1 and 4.2 show that the calculated differences 
in nitrogen shielding arise almost entirely from changes in a^. The 
variation in is within 5 ppm, or less than 1% of the experimental 
chemical shift differences presented in Table 4.1. Consequently, the 
values of are not listed separately in Tables 4.1 and 4.2. An overall 
average value of 322.67 ppm for is obtained from both the CNDO/S and 
INDO calculations.
In most cases, contributions arising from anonloc are neg^isit>le 
with the exception of molecules like N2, HCN, N02+ and N02 for which the 
values calculated for a^0nloc are resPectively ”7.96, -4.08, -12.16 and 
+5.51 ppm.
Tables 4.1 and 4.2 show that in general the CNDO/S results are in 
better overall agreement with experiment for shielding constants and 
anisotropies than are those from INDO calculations.
Reasonable agreement is observed, in most cases, between the CNDO/S 
results for nitrogen anisotropies and the available experimental results. 
The CNDO/S calculated absolute average values of the shielding tensor, o^, 
also show satis factory agreement with the experimental figures for the 
majority of molecules and ions considered. However, the isoelectronic 
molecules N 20 and CH2N2 are notable exceptions. A much closer agreement 
with the calculated results would be obtained if the experimental 
assignments for the two nitrogen nuclei were reversed in both molecules. 
Further experimental data on specifically enriched molecules would be of 
interest. It is of interest to note that for a further isoelectronic 
species, N 3 , for which an unambiguous assignment is readily forthcoming, 
reasonable agreement is obtained between the calculated and experimental 
data. The same pattern of results for these isoelectronic species is 
also predicted by the INDO calculations.
Ab initio calculations have been reported for some of the molecules 
studied in the present work. Many of these give gauge-variant results.
For N 2 the ab initio results for A a and respectively are 79.2 and 
391.X ppi/98), 224.9 and 189.4 ppi/100), 537.3 and -19.8 ppm^111), which 
do not compare favourably either with the observed figures or our results 
for this molecule.
In the case of HCN the available ab initio data for Aa and are
601.4 and -62.2 p p m ^ ^  which is in reasonable agreement with experiment,
f28I
but not significantly better than our findings. Ditchfieldv has 
reported values of 42.8, -50.3 and -40.0 ppm from gauge-invariant 
estimates of for HCN.
For CH3CN ab initio results give 589.1 and -86.6 p p m ^ ^  respectively
for A a and 0^ which show a much less satisfactory correlation with the
observed values than those found here. . Ammonia has been the subject of
several ab initio calculations yielding the following data for Aa and
respectively, 0.8 and 244.2 p p m ^ ^ ,  27.1 and 272.3 p p m ^ ^ ,  11.7 and 
(99)253.6 ppnr J. Ditchfield has reported gauge-invariant estimates of a as 
309.3, 310.2 and 267.8 ppm^*^. In almost all cases these calculations of 
cr^  are closer to the experimental result than are our findings, whereas 
our estimate of A a for ammonia is comparable to that found by the ab initio 
calculations.
The agreement between the theoretical results for the nitrogen 
chemical shifts (as calculated by means of the Pople’s GIA0-M3 method) 
and the experimental results is demonstrated in Figures 4.1 and 4.2 for 
the INDO and CNDO/S wave functions respectively.
Figures 4.1 and 4.2 show that the overall agreement between the 
experimental and calculated chemical shifts is reasonable for both the 
INDO and CNDO/S series of calculations. In both cases, most predictions 
are within 50 ppm of the observed ones. However, the calculated values 
of the nitrogen chemical shifts are systematically to high frequency of 
the observed ones due to the fact that the absolute shielding calculated 
for NO3 is about 100 ppm more positive than the experimental result.
On the other hand, the uncoupled Hartree-Fock results (Case 2) show 
a much less satisfactory correlation with experiment as can be seen from 
Figure 4.3. Consequently, the reportedsatisfactory agreement 
between the experimental 1I+N chemical shifts and the values calculated by 
this method for some of the molecules considered here, is rather 
fortuitous.
The ll*N chemical shifts of some N-heterocyclic molecules (Figure 4.4)
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Some typical N-heterocyclic molecules
Six-menibered rings
N' +  ■ “N' 
I
H
pyridine N-pyridinium pyrazine pyri- 
ion midine
pyri- S-triazine 1,2,4,5- 
dazine tetrazine
‘N ^  ^  ^  >N'
quinoline isoquinoline quinoxaline quinazoline cinnoline
Five-menibered rings
o o o o * o o * o\ N/  \ N/  N N N'/ VN
I
H
pyrrole
I I *H H H (I)
pyrazole imidazole 1,2,3-triazole
' ' n ' ' ‘
I I *
H (ii) H(i) H (II)
1,2,4-triazole
jr\ rr%
■U V  ^  >
N
H
(I)
N\  > N 
I
H
(II)
tetrazole indole benzimidazole
N - H
(II)
benzopyrazole
N — H
(I) (II)
benzotriazole
are calculated by means of Pople’s GIAO-MO method in conjunction with 
the CNDO/S and INDO wave functions, and the results are summarized in 
Table 4.3. In such compounds, there are two principal bonding systems for 
the nitrogen atoms. One involves three covalent bonds in a plane and the 
other, two such bonds and a lone electron pair. The former may be 
referred to as the ’pyrrole-type’ while the latter may be called the 
’pyridine-type’ of bonding system.
There is a clear distinction between the nuclear shielding for the 
two types of nitrogen atoms encountered in these heteroatomic ring 
structures. The ’pyrrole-type’ structures are characterised by nitrogen 
chemical shifts of -260 to -100 ppm (lower frequencies) from nitromethane, 
while the entire spectral range for the 'pyridine-type’ is from -140 to 
+35 ppm. For molecules like pyrazole (Figure 4.4) which contain both the 
’pyrrole-' and ’pyridine-type’ of nitrogen atoms, fast proton migration 
may lead to an averaging of the corresponding resonance signals.
Although the AEE approximation has been successfully applied 
to account for relative nitrogen chemical shifts within each structural 
variety, it fails, however, when applied to molecules containing 
different types of nitrogen atoms as well as molecules containing both 
the ’pyrrole-’ and 'pyridine-type' nitrogen atoms. Such a deficiency is 
not encountered in the present calculations which avoid the use of the 
AEE approximation.
H
pyrrole-type pyridine-type
TABLE 4.3
1I+N chemical shifts^ for some N-heterocyclic molecules 
calculated by means of Pople’s G LAO-MO method in 
conjunction with INDO and CNDO/S wavefunctions
No Molecule
CNDO/S
results
INDO
results
Experi­
mental
°A 6 aA <5
6(135)
AZINES
1 Pyridine - 49.5 32.6 44.7 - 78.2 - 63±2
2 Pyrazine - 68.5 51.6 30.4 - 63.9 - 42±2
3 Pyrimidine - 36.9 20.0 59.0 - 92.5 - 82±2
4 Pyridazine - 57.9 41.0 13.4-46.9 20±2
5 s-Triazine - 34.4 17.5 63.8 - 97.3 - 98±1
6 1,2,4,5-Tetrazine - 61.8 44.9 19.4 - 52.9 5±1
7 N-Pyridinium ion 
Substituted pyridines
54.6 - 71.5 105.9 -139.4 -181±1
8 2-Amino pyridine - 26.8 9.9 70.0 -103.5 -128±4
9 3-Amino pyridine - 47.1 30.2 47.8 - 81.3 - 88±4
10 4-Amino pyridine - 33.6 16.7 62.4 - 95.9 -105±4
11 2-Methoxy pyridine - 16.1 - 0.8 72.8 -106.3 -110±3
12 3-Methoxy pyridine - 22.2 5.3 63.7 - 97.2 - 59±4
13 4-Methoxy pyridine - 31.5 14.6 71.7 -105.2 - 90±6
14 2-Hydroxy pyridine - 30.5 13.6 64.5 - 98.0"
15 2-Pyridone 81.1 - 92.0 124.2 -157.7 -209+2
16 average 25.3 - 42.2 94.3 -127.8.
17 3-Hydroxy pyridine - 36.4 19.5 56.1 - 89.6 - 85±4
18 4-Hydroxy pyridine - 40.8 23.9 61.3 - 94.8"
19 4-Pyridone 86.5 - 69.6 129.2 -162.7 -201±2
20 average - 63.6 46.7 95.2 -128.7_
21 2-Methyl pyridine - 35.2 18.3 59.2 - 92.7 - 72±3
22 3-Methyl pyridine - 44.9 28.0 58.0 - 91.5 - 68±3
23 4-Methyl pyridine 
Fused ring systems
- 38.2 21.3 65.1 - 98.6 - 74±3
24 Quinoline - 12.2 - 4.7 75.7 -109.2 - 72±3
25 Isoquinoline - 6.6 - 10.3 82.9 -117.4 - 68±4
TABLE 4»3 (Cont)
No Molecule
CNDO/S
results
INDO Experi- 
results mental
°A 6
* x (135)
26 Quinazoline N 1 - 4.7 86.6
N2 - 1.5 90.2
average - 3.1 - 13.8 88.4-121.9 - 90±3
27 Phthalazine ■- 14.4 - 2.5 59.5 - 93.0 - 11±4
28 Quinoxaline - 27.7 10.8 63.4 - 96.9 - 46±3
29 Cinnoline N 1 - 27.3 45.0
N2 - 21.5 51.3
average - 24.4 7.5 48.1 - 81.6 36±5
AZOLES
30 Pyrrole 67.2 - 84.1 115.7 -149.2 -235±2
31 N-Methyl pyrrole 65.8 - 82.7 118.7 -152.2 -231±2
32 Pyrazole :.n - 44.5 20.9
NH 54.6 90.8
average 5.1 - 22.0 55.8 - 89.3 -135±3
33 N-Methyl pyrazole 1 .N - 39.4 22.5 34.4 - 67.9 - 68±2
34 n -c h 3 52.0 - 68.9 95.8 -129.3 -178±2
35 Imidazole N - 57.1 51.7
NH 64.2 112.6
average 3.6 - 20.5 82.1-115.6 -171±5
36 N-Methyl imidazole N - 53.4 36.5 55.8 - 89.3 -123±2
37 n -c h 3 62.2 - 79.1 116.6-150.1 -221±1
1,2,3-Triazole
' N2 - 81.8 -12.7
Conformer I N3 67.3 6.9
N XH 40.4 77.3
Conformer II N 1 ,N3
- 84.6 15.2
. ■ N2H 34.5 57.0
38 average ^  (N2) 43.0 26.1 10.5 - 44.0 - 60±8
39 average ^ ■ (N'jN3) - 37.2 20.3 33.1 - 66.6 -132±4
TABLE 4.3 (Cant)
No Molecule
CNDO/S
results
INDO
results
Experi­
mental
V 6 >Q C
h § (135)
1-Methyl 1,2,3-triazole
N2 - 62.7 2.0
N 3 - 75.9 18.2
40 average (N2,N3) - 69.3 52.4 10.1 - 43.6 - 22±1
41 n -c h 3 35.7 - 52.6 82.9 -116.4 -143±1
2-Methyl 1,2,3-triazole
42 N*,N3 - 77.5 60.6 3.2 - 36.7 - 51±1
43 n -c h 3 29 .5 - 46.4 61.8 - 95.3 -130±1
1,2,4-Triazole
N 2 - 43.9 25.8
Conformer I N* - 57.1 46.7
N*Hs 50.9 88.5
Conformer II ' N*,N2
- 73.3 16.2
N^H 60.0 111.3
44 Overall average ^ - 20.8 3.9 57.7 - 91.2 -134±2
1-Methyl 1,2,4-triazole
N2 - 38.8 38.0
N* - 54.1 50.8
45 average (N2,N**) - 46.4 29.5 44.4 - 77.9 -126±3
46 n -c h 3 47.7 - 64.6 94.6 -128.1 -170±2
4-Methyl"1,2,4-triazole
47 N*,N2 - 69.6 52.7 21.1 - 54.6 - 80±4
48 N-CHs 58.8 - 75.7 116.0 -149.5 -220
Tetrazole
' N 2 - 64.1 -11.6
Conformer I N 3
- 88.5 -13.1
N 1* - 71.7 18.6
N XH 41.9 81.1
\ N 1 - 69.0 4.8
Conformer II N 3
- 89.4 -31.1
N4 - 71.0 14.1
N2H 27.4 48.0
TABLE 4.3 (Cont)
No Molecule
CNDO/S
results
INDO
results
Experi­
mental
aA 6 aA 6
g (135)
49 average - 42.4 25.5 29.6 - 63.1 -106±2
50 average (N2,N3) - 53.6 36.7 - 2.0 - 31.5 - 15±3
1-Methyl tetrazole
N2 - 57.2 3.0
N 3 - 82.4 - 4.4
N* - 69.2 23.5
51 average (N^N3,^) - 69.6 52.7 7.4 - 40.9 - 17±2
52 n -c h 3 38.2 - 55.1 87.2 -120.7 -150±2
2-Methyl tetrazole
53 N1 - 59.4 42.5 18.6 - 52.1 - 44±3
N 3 - 80.4 - 13.9
N* - 66.3 20.4
54 average (N3 ) - 73.3 56.4 3.2 - 36.7 - 5±6
n -c h3 22.6 - 39.5 55.7 - 89.2 -101
Fused ring systems
56 Indole 93.1 -110.0 138.8 -172.3 -251±5
57 N-Methyl indole 89.2 -106.1 139.6 -173.1 -248±5
Benzopyrazole
58 Conformer I ’ N2 2.5 - 19.4 65.1 - 98.6" - 75±8
59 * N*H 88.0 -104.9 122.5 -156.0 -197±5
60 Conformer II ' N 1 8.5
72.2
61 ‘ N 2H 70.5 111.6
62 average (N1) 48.2 - 65.1 97.3 -130.8
63 average (N2) 36.5 - 53.4 88.3 -121.8.
Benzimidazole
N - 7.2 91.7
NH 86.1 135.7
64 average 39.4 - 56.3 113.7 -147.2 -185±5
TABLE 4.3 (Cont)
No Molecule
CNDO/S
results
INDO Experi- 
results mental
oA 6 aA 6
N-Methyl benzimidazole
65 N - 5.8 - 11.1 94.8-128.3 -130±8
66 N-CH3 81.7 - 98.6 135.8 -169.3 -228±5
Benzotriazole
N2 - 27.7 41.0
Conformer I N 3 - 35.3 57.5
N 1]! 72.7 113.6
« ■
Conformer II ’ N*,N3 - 41.3 39.3
[ n 2h - 44.5 82.5
67 Overall average ^ ) - 2.1 - 14.8 65.0 - 98.5 - 81±7
(a) The chemical shifts, 6, are expressed in ppm with respect to 
NO3"", shifts to high frequency are positive.
(b) A third conformer III (identical to Conformer I) is obtained 
when the H atom is on N 3. This was taken into account in 
averaging over various nitrogen atoms, e.g. average (N2) = 
1/3 (2N2(conf.I) + N 2H(Conf.II).
(c) . A third conformer III (H on N2) which is identical to
Conformer I was taken into account when the overall average 
was calculated.
The agreement between the experimental 11>N chemical shifts and the 
values calculated using the CNDO/S and INDO methods is demonstrated 
respectively in Figures 4.5 and 4.6 for a large number of N-heterocyclic 
molecules containing both types of nitrogen atoms. Figures 4.5 and 4.6 
show that the overall agreement between the experimental and calculated 
lltN chemical shifts is reasonable for both the INDO and CNDO/S series of 
calculations, with the CNDO/S results showing the slightly closer 
correlation (Figure 4.5). However, those diazines which contain two 
adjacent nitrogen atoms such as pyridazine, 1,2,4,5-tetrazine, phthalazine 
and cinnoline are notable exceptions. The calculated 14N chemical shifts 
for these molecules are systematically shifted to lower frequencies. 
Similar trends in the calculated 11+N chemical shifts of these molecules 
are encountered in calculations employing the AEE approximation.
With the exception of those diazines mentioned above, the least- 
squares line for the CNDO/S calculations has a standard deviation of 
28 ppm and a correlation coefficient of 0.901. The comparable data for 
the INDO calculations has a standard deviation of 31 ppm and a correlation 
coefficient of 0.881. •
The 14N chemical shifts of the N-heterocyclic molecules considered 
here, are also calculated by means of the Uncoupled Hartree-Fock method
-  3
(<r >2p = 2.472 a.u) within the INDO framework. However, the results 
obtained by this method are qualitatively similar to those obtained using 
Pople’s GIAO-MO method, thus they are not listed here. The corresponding 
least squares line has a standard deviation of 31 ppm and a correlation 
coefficient of 0.880.
In favourable cases, the present calculations can be employed to 
investigate tautomeric equilibria in those N-heterocyclic molecules which 
contain both the ’pyrrole-’ and ’pyridine-type’ nitrogen atoms. In all
cases considered here, fast proton exchange is assumed. For pyrazole, 
imidazole, 1,2,4-triazole and benzotriazole, only one nitrogen resonance 
signal is observed and the calculated overall average nitrogen shielding 
is in satisfactory agreement with the experimental findings . However, 
for 1,2,3-triazole and tetrazole, two resonance signals are observed 
corresponding to the two types of nitrogen atoms which have respectively 
one and two adjacent nitrogen atoms.
Some hydroxy and amino derivatives of azines may also exhibit 
tautomerism as shown in the example below:
OH
2-hydroxy pyridine
H
2-pyridone
Information; concerning the extent of tautomerism in a given sample 
may be obtained by comparing the observed 1 **N chemical shifts with the 
values calculated for various tautomers.
The present calculations indicate that in solution the 2-hydroxy and 
4-hydroxy pyridines are largely isomerised to the corresponding pyridone 
forms, whereas 3-hydroxy pyridine is present as such rather than in the 
pyridone form. All amino pyridines are predicted to exist as such rather 
than in the corresponding imino forms. These predictions are in agreement 
with the experimental findings #
The present shielding calculations at both the INDO and CNDO/S 
levels, are in poorest agreement with experiment when applied to saturated 
molecules for which the dominant contributions arise from the high-energy 
a.'*-' a* transitions. . This is doubtless due to the fact that these
ex
p
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transitions are poorly described by the parametrization of the INDO and 
CNDO/S schemes.
Experimentally, a high frequency shift of ca. 6 ppm is found for the 
nitrogen signal as each hydrogen atom is replaced by a methyl group in 
NH3. A similar trend is observed for increasing alkyl substitution of 
the carbon atoms which are directly bonded to the amino nitrogen atom. 
Generally, the shifts may be represented by the following scheme where the 
arrows denote the high frequency direction.
CH3NH2 -* (CH3)2NH -k (CH3)3N
RCH2NH2 + (RCH2)2NH -v (RCH2)3N 
4
R2CHNH2 ~—  '■1 ■ >
■ * high frequency shift
R3CNH2 yt
To date, there has been no satisfactory theoretical explanation of 
this trend in the shift of alkyl amines . Similar chemical shift 
trends have been observed in many groups of molecules such as nitroalkanes 
ammonium ions, amides, isocyanates and isonitriles.
The present theoretical treatment gives chemical shift trends for 
these classes of molecules in the opposite direction to that found 
experimentally. However, an interesting feature of these calculations is 
the marked variation in the calculated shifts for different rotational 
isomers as demonstrated in Table 4.4 for some nitroalkanes.
For. nitroethane, the two extreme conformations shorn in Table 4.4 
give nitrogen shielding constants which differ by ca. 13 ppm. For 
1-nitropropane and 2-nitropropane, the shielding differences observed for 
different conformations are 7 and 8 ppm respectively.
The nitrogen shielding in these molecules shows a marked dependence
TABLE 4.4
The results of some INDO calculations of nitrogen chemical 
shifts for some aliphatic nitro compounds compared 
with experimental^*^ results
No Molecule CM
Calculated
(ppm)
(a)
Experimental
(ppm)
(a)
1 nitromethane CH3NO2 -26.34 0.0 0.0
nitroethane C2H 5NO2  
Rotational isomer I
0
V
* N-
C„H3
0 H
*K
E = -63.8505 
C^CaN plane -1_N02 plane 
Rotational isomer II
0 H
'•N '
: N -C ^
i f ' ^CHa
E = -63.6938 
CCN plane is coplanar with 
NO2 plane
-21.62 - 4.72
- 8.44 -17.90
12.0, 10.8
(a) The nitrogen chemical shifts, 6 , are with respect to CH3N02, 
high frequency shifts are positive.
(b) The total energy of the molecule, E, is given in atomic 
units (au).
TABLE 4.4 '(Cant)
Calculated Experimental
Molecule®
(PPm) (ppm)
No
»* < ‘*>
4£a)
3 1-nitropropane
Rotational isomer I
H 3 Cy ?' „
\  C ^
H"-> 6 N ^ °  .
H '6
E = -72.3801
with NO2 plane bisecting 
the angle.
HsCy
— 0 >’ .
" /
H
Rotational isomer II
H/t
H
- 6.13 -20.21
-13.28 -13.06
10.0, 9.5
0 E = -72.3551
C*yCgCaN plane-L. NO2 plane
4 2-nitropropane
Rotational isomer I
H
H3Cb' J N
H 3Cg
0 E = -72.3795
Rotational isomer II 
H
-16.28 -10.06
-2.4.03 - 2.31
24.0
TABLE 4.4 (Cont)
Calculated Experimental
No Molecule
Q,) (PPm) (ppm)
5 CH3-CH=CH-N02 38.13 -64.47 - 2  ± 2
(planar)
on the orientation-of the alkyl group(s) attached to the a-carbon atom or, 
alternatively, on the rotation around the C-N bond. Consequently, the 
shifts in these molecules may show a considerable temperature dependence, 
since the relative proportions of different rotational isomers in solution 
depend to some extent upon the temperature at which the experimental 
measurements are made. Experimental studies on the temperature-dependence 
of these molecules would be of interest. This could perhaps account for 
the observed chemical shift trends in these molecules.
Some contributions to the paramagnetic component of the nitrogen 
shielding tensor are given in Table 4.5 for a selection of small molecules 
and ions. For the linear species, N2 , HCN, CH3CN, CH3NC and N0 2+ the 
major contribution to the paramagnetic term arises from the lowest energy 
o  i t*  transition. In most cases this also coincides with the largest 
value of the corresponding magnetic integrals. However, for CH3NC and N02 
there are also large contributions from higher energy m a* transitions 
which have larger values for the appropriate magnetic integrals.
In the case of the bent ion N02 the x component is dominated by the 
lowest energy a + ir* transition while the other in plane component, z, 
has large contributions from the two low energy a tr* transitions together
with a significant contribution from a higher energy ir -* a* transition with 
a larger magnetic integral. The out-of-plane component, y, has significant 
contributions from a number of a -*■ a* transitions, the higher energy ones 
having the larger magnetic integrals in general. For N03” ion the x and 
z components are dominated by the lowest energy n -»■ tt* transition with 
appreciable contribution from the high energy tt -»• o* transition due to 
its large magnetic integrals, whereas the smaller y component has major 
contributions from a a* transitions.
It is interesting to note that the observed high frequency shift of
TABLE 4.5
fa")
CNDO/S contributions ^ / to the paramagnetic components 
of the nitrogen shielding tensor for N2, HCN, CH3CN, 
CH3NC, N02+, N02- and N03'
Molecule Compo­nent Transition
Calculated 
transition 
energy (eV)
Contribution 
to aP (ppm)
Magnetic
integrals
(au)
n 2 X la+6ir* 31.787 - 20.844 -0.2287
3a-*67r* 5.854 -498.581 -1.0073
X
f 4ir+8a* 17.565 -138.702 -0.8410
y— >z
y This component is identical to the 
component
X
z This component makes no contribution to
H-C=N X 1 o+ 6 tt* 27.937 -15.168 -0.1462
2o+6it* 16.388 + 12.731 +0.0719
X
t 3a->6Tr* 7.145 -382.589 -0.9434
y— >z 5Tr+8a* 9.870 - 6.738 -0.0230
5Tr+9a* 15.728 -155.981 -0.7274
y This component is idental to the x 
component
z . This component makes no contribution to cP
c h3-c=n X la+10rr* 30.695 - 5.25 -0.0557
4a-KL2a* 17.06 + 5 . 7 7 1 +0.0339
X
i 4a-KL5a* 24.808 - 7.665 -0.0655
y— +z 6a+97r* 7.25 - 67.593 -0.1692
6a->10rr* 7.25 -273.105 -0.6833
7ir->12a* 11.502 - 5.195 -0.0206
77r->15a* 15.936 - 20.738 -0.1140
87r-+L2a* 11.502 - 22.029 -0.0875
8ir-5-l 5a* 15.936 - 87.972 -0.4839
y This component is identical to the 
component
X
z This component makes 
contribution to aP
no significant
TABLE 4.5 (Cent)
Molecule Compo­nent Transition
Calculated 
transition 
energy(eV)
Contribution 
to qP (ppm)
Magnetic
integrals
(au)
CH3-NC X 2a+97r* 25.642 - 20.276 -0.1794
2a->lChr* 25.642 - 5.333 -0.0472
X
t 3o-»97r* 15.114 - 15.473 -0.0806
y— >z 3cr-KL3Tr* 20.139 - 5.280 -0.0367
5a-+14a* 17.857 - 12.477 -0.0768
- 5a-+15a* 24.745 - 33.163 -0.2832
6o"+9tt* 6.206 -123.031 -0.2634
6a-KL0rr* 6.206 - 32.357 -0.0692
7ir-^ 15a* 15.969 - 22.445 -0.1236
8tt->14o * 11.371 +15.771 +0.0618
8tt->15o* 15.969 -121.954 -0.6721
y This component is identical to the 
component
X
z This component makes 
contribution to aP
no significant
[ONO] + X 2a-KL0,nf* 35.674 - 63.762 -0.7848
57r-*T2a* 29.162 -137.855 . -1.3872
X
t 6a->lChr* 10.406 -168.747 -0.6060
y— *z
y This component is identical to the 
component
X
z This component makes no contribution to qP
p ^°-
- X la-KLOir*
4a-KL07r*
40.159
10.075
- 8.723
- 84.035
-0.1208
-0.2922
6ir-KLlcr* 21.138 - 61.914 -0.4514
z
t
y- > x
8a-KL0ir* 2.732 -905.774 -0.8538
y 2cr-+lla* 43.676 - 16.975 -0.2557
3a-KL2a* 29.26 - 21.442 -0.2165
4a-KL2a* 25.594 - 88.645 -0.7829
5cr-+lla* 23.958 - 23.326 -0.1929
7a+llc* 16.911 + 14.985 +0.0873
8cKL2a* 18.342 + 18.400 +0.1165
TABLE 4.5 (Cont)
Molecule Compo­nent
Transition
Calculated 
transition 
energy(eV)
Contribution 
to qP (ppm)
Magnetic
integrals
(au)
z 20-KLOtt* 29.318 - 53.043 -0.5365
5cKL0tt* 10.24 -140.027 -0.4947
67r-KL2cr* 23.322 -121.814 -0.9801
7a-+10ir* 3.69 -111.342 -0.1418
0 1 X 3a-+13Tr* 31.738 - 47.87 -0.5243
w
5ir->16a*
7a-*13ir*
26.893
11.375
-120.16 
- 70.87
-1.1149
-0.2781
8n->13ir* 4.619 -217.63 -0.3468
z
ty— y 2a-+16cr* 48.269 - 38.60 -0.6430
3a+15a* 48.266 - 38.61 -0.6430
6a-+16cr* 27.590 - 36.71 -0.3494
7a-KL5cx* 27.588 -36.71 -0.3494
8n-KL5cr* 19.872 25.94 +0.1778
9n+16cr* 19.874 25.93 +0.1778
z Tbis component is identical to the X
component
(a) See footnotes (a) and (b) of Table 3.6.
J.
TABLE 4.6
CNDO/S contribution to the nitrogen paramagnetic 
shielding constants for some N-heterocycles
Contributions to from n
• x.* Totalvarious transitions
Molecule
pyridine
pyrazine
pyrimidine
pyridinium ion
pyrrole
pyrazole
N
NH
imidazole
N
NH
1,2,3-triazole Cl)
a a* n a* a tt* n it* tt -*■ a* V
-  38.2 -  26.4 -  93.3 -129.7 - 90.5 -378.1
-  25.2 / -  39.1 -  72.2 -174.1 - 86.1 -396.7
-  34.1 -  30.2 -  75.3 -132.7 - 92.3 -364.6
-  52.5 - -  97.3 - -122.1 -271.9
-  52.6 - -  81.2 - -126.2 -260.0
-  25.5 -  38.5 -  51.7 -149.0 -107 i 2 -371.9
-  49.0 -  0 .8 -  67.3 - 24.9 -129.1 -271.1
-  27.9 -  35.9 -  72.8 -154.9 -  94.0 -385.5
-  51.2 -  1.9 -  81.7 -  3.8 -124.9 -263.5
- 2 7 . 2 -  33.1 -  46.6 -178.8 -109.3 -395.0
-  30.2 -  31.0 -  42.0 -211.6 -  95.1 -409.9
-  46.9 -  4 .0 -  66.4 -  40.8 -127.6 -285.7
ca. 250 ppm for the nitrogen signal in N02” conpared with that of N03” 
is mainly due to the presence of low lying excited states in NO2” in 
agreement with the findings of Herring and co-workers .
For the N-heterocyclic molecules considered in Table 4.3, the major 
contribution (Table 4.6) to for the 'pyridine-type’ nitrogen atoms 
arises from the n -»• t t*  transitions with other significant amounts coming 
from the t t  -*■ a * and o * it* transitions. For the ’pyrrole-type* nitrogen 
atoms the effective removal of the lone pair leaves the ir o* and a ir* 
transitions as the dominant ones. The higher energy o .-*■ a* and n a* 
transitions provide only minor contributions in vall cases.
The semi-en^irical results reported here are considered satisfactory 
and provide a reasonable account of the nitrogen shielding tensors and 
their anisotropies for a number of small ions and molecules. The nitrogen 
chemical shifts in a large number of N-heterocyclic molecules representing 
both the ’pyrrole-’ and 'pyridine-type' nitrogen environments are also 
satisfactorily reproduced by the present calculations. Further 
experimental data would be welcome to test some of the predictions made.
CHAPTER FIVE
Ox y g e n  Ch e m i c a l  Sh i f t s
5.1 Introduction
Oxygen-17 is the only known oxygen isotope with non-zero spin 
(spin number I = 5/2). Although oxygen plays a significant part in all 
branches of chemistry, compared with its neighbours carbon, nitrogen and 
fluorine, relatively few 170 NMR studies have been reported. This is 
doubtless due to low natural abundance (0.037%)',. poor natural sensitivity 
to NMR detection, and quadrupole broadening of the 170 resonances.
However, it has been established that, in general, singly-bonded 170 
signals appear within 250 ppm to high frequency of water and doubly-bonded 
170 signals can be observed at still higher frequencies 0-41,142).
Ab initio calculations of 170 nuclear shielding tensor have been 
reported for H2o(16,19," h  CH3OH^19’99^  (CM3)20^19^, HzCO^19'101^, 
CHsCHO^9^, HC0NH2^ 9  ^ and The results are gauge dependent
and in many cases vary considerably with choice of basis set. In 
general the chemical shifts associated with multiple bondings are 
reasonably well described by these calculations.
Gauge independent ab initio results on H20 and H2C 0 ^ ^  indicate a 
170 chemical shift of 757.6, 860.3 or 858.8 ppm for H2C0, with respect to 
H20, compared with the experimental result of 580 to 600 p p m ^ ^ . The 
calculated data represent a choice of three basis sets.
Extended Hiickel M3 parameters, employed within Ramsey’s framework,
provide 170 chemical shifts which, when compared with experimental data,
f443require two correlation lines ■ J. One of these accounts for singly- 
bonded oxygen atoms, providing agreement mostly within 20 ppm. The other 
being for doubly-bonded oxygen atoms which, .-with the exception of H 202, 
shows that most predictions are within 50 ppm of the observed ones.
Calculations based on Pople’s theory in conjunction with the CNDO/2
method have been reported on 170 chemical shifts in electrolyte
(1441 .solutionsv J. Water-metal cat:on interactions are predicted to give
low frequency shifts, the opposite being the case for fluoride ion.
As noted in Section 2.7, the use of equation {2.30} to obtain 
estimates of cr^  leads to a considerable increase as the number of bonded 
atoms and electrons in the molecule increases. Hie term described by 
equation {2.30} is more comparable to the diamagnetic component given in 
Ramsey’s approach than it is in Pople’s local term. Consequently to
describe the variation in nuclear shielding for a series of molecules
d. idin terms of a obtained from equation {2.30} and from Pople’s method
appear to be paradoxical.
Calculations of this kind have been presented for the 170 chemical 
shifts of some nitroalkanes and small ions^*^. These calculations^^ 
which employ the atom-dipole method (equation {2.30}) to evaluate the 
diamagnetic contribution and the AEE approximation (equation {2.26}) for 
the paramagnetic term do not appear to be very meaningful.
5.2 Results and Discussion
In the present study, 170 chemical shifts with respect to water have 
been calculated by means of Pople’s GIAO-MD method in conjunction with 
the INDO and CNDO/S wavefunctions. Comparable calculations based on the 
’Uncoupled Hartree-Fock’ method are also presented within the INDO frame­
work. In addition to reporting the calculated average value of the 170 
shielding tensor, the principal components of the paramagnetic contribution 
and its anisotropy are also presented. These are compared with experimental 
data and the results of other reported calculations where available.
Hie results obtained for nuclear shielding constants and chemical . 
shifts of 170 nuclei in a wide range of chemical environments are presented
— 3
in Table 5.1. The <r. >^  term is evaluated using equations {2.13} and 
{2.16} in conjunction with Slater r u l e s e x c e p t  for the present 
uncoupled Hartree-Fock calculations for which the effective nuclear 
charge Z^p is assumed to be that for the free atom. Hence, the term
— 3 ^
<r >2p W1^  independent upon the electronic environment in question* 
However, when equation {2.16} is used for 1^, these calculations show 
close resemblance to those based on the Pople’s method in agreement with 
our findings for nitrogen (Chapter 4).
It is evident from Table 5.1 that the calculated differences in 170 
shielding arise almost entirely from changes in a^. Hie variation in 
is within 8 ppm, or less than 1% of the experimental chemical shift 
differences presented in Table 5.1. Consequently the values of are not 
listed separately in Table 5.1. An overall average value of 397.95 ppm 
for is obtained from both the CNDO/S and INDO calculations.
In most cases, contributions arising from a^on^ c are negligible with 
the exception of molecules like CO, C02, N02+ and N02~ for which the values 
calculated for °^on^oc are respectively -6.85, -3.67, -4.48 and +5.19 ppm.
It is apparent from Table 5.1 that the INDO chemical shifts are 
numerically smaller than the experimental data in all cases considered, 
whereas the CNDO/S results are closer numerically to the 170 chemical 
shifts and shielding constants. This is probably because the orbital 
energies are too widely spaced in the INDO results. In addition, within 
the INDO framework, better agreement with experiment is obtained by using 
the Pople’s method than by the uncoupled Hartree-Fock method. This is. 
largely due to the use of a constant value for <r Z>2p ■^n latter 
thereby neglecting the dependence of <r""3>2p on the valence shell electron 
density.
TABLE 5.1
Oxygen-17 shielding constants and chemical sh ifts  calculated by various methods
INDO data (ppm) CNDO/S data (ppm)
No Molecule Uncoupled H-F method(b) Pople's method Pople's method
:(a) :(a) :(a)
Experimental
data
*00
1 H20 (c) -429.3 - 31.1 0.0 -370.0 28.0 0.0 -239.3 158.1 0.0 0.0
2 H2C0(c) -622.2 -225.5 194.4 -560.5 -163.8 191.8 -707.5 -307.7 465.8 580 to 600(106)
3 CH30H(c) -322.3 75.3 -106.4 -288.4 109.2 -  £1.2 -230.4 166.9 - 8.8 -40(145>
4 CX)(c) -434.7 -  46.3 15.2 -397.6 -  9.2 37.2 -418.1 -  30.4 188.5 350(44)
5 CHjCH0(ci -530.3 -132.8. 101.7 -480.3 -  82.7 110.7 -648.7 -248.2 406.3 595U42)
6 (CHj ) 200(c) -495.0 -  97.0 66.0 -447.4 -  49.5 77.5 -626.2 -225.2 383.3 S68<142>
7 (NH2) 2C0(c) -432.5 -  33.4 2.3 -375.4 23.7 4.3 -504.9 -105.0 263.1 204C142)
8 HC0CH(ci -509.1 -111.3 -454.0 -  56.3 -574.9 -175.4
HOOOH(c) -327.9 70.3 -298.6 99.7 -276.3 120.6
270f l S2S4(142)Average -  20.5 -  10.6 21.7 6.3 -  27.4 185.5
O1
II
CH, 02^
(c) 01 -448.9 -  51.0 -404.3 -  6.4 -552.1 -152.2
i 02
Average
-308.2 89.8
19.4 -  50.5
-280.1 118.0
55.8 -  27.8
-267.7 129.0 
-  11.6 169.7 220fl421254(142)
9
O1
II
/  \  2 CHj 0*
J
01
02
-446.7
-312.6
-  49.0 
85.4
-403.2
-283.7
-  5.4 
114.3
-563.0
-276.9
-163.0
119.8
H Average 18.2 -  49.3 54.4 -  26.4 -  21.6 179.7
2
0 -H**
(c)
•Ov 01
^OCHi 
0 ^  02
-329.9
-239.1
69.5
159.3
-298.3
-219.5
101.0
179.0
-391.0
-236.2
9.1
161.7
Average 114.4 -14S.5 140.0 -112.0 85.4 72.7^
10 HC0NH2(c) -494.1 -9 5 .8 64.7 -435.1 -  36.8 64.8 -579.6 -179.5 337.6
w .( 142)
£ £ ( 146)
11 CHjCOOCH, -412.3 - 14.3 -  16.8 -370.3 27.7 0.3 -529.6 -129.6 287.7 3SS(142)
12 002(c) -354.4 39.7 -  70.8 -319.8 74.4 -  46.4 -287.9 105.6 52.5 6 3 ^
13
.(c )
no2 -779.3 -374.0 342.9 -619.8 -214.5 242.5 -583.0 -177.7 335.8 fioo(4 6 ) 
6 > 31>
14
* (c)
no2V -515.9 -126.8 95.7 -504.5 -115.4 143.4 -362.1 27.4 130.7 420(l31>
15 onno2 -738.1 -341.4 310.3 -683.0 -286.3 314.3 -691.9 -295.3 453.4 885 t 40(131)
TABLE 5.1 fCont)
INDO data (ppm) CNDO/S data (ppm)
Experimental
data
6(a)
No Molecule Uncoupled H-F m ethod^ Pople's method Pople's method 
•*P CA *“  »AP °A ' ■ « “  =AP °A » ‘a)
16 GNNOj -552.5 -152.4 121.3 -492.4 - 92.3 120.3 -530.9 -129.0 287.1 425 t 20*131*
17 CH,N02(c) -600.1 -200.6 169.5 -533.5 -134.0 162.0 -658.3 -256.8 414.9 S90<131>
18 [CH2N02]" -470.1 -  68.5 37.4 -399.3 2.2 25.8 -502.8 -100.2 258.3 190(131)
19 fno2(c) -523.2 -126.5 95.4 -475.1 -  78.4 106.4 -528.7 -130.6 288.7
20 NO," (c) -474.5 -  72.8 41.7 -402.2 -  0.5 28.5 -411.7 -  10.0 168.1 420 t 40(131)
21 ML, NO, -496.8 -  98.1 67.0 -447.4 -  48.7 76.7 -482.5 -  84.3 242.4 420 ± 6 (147)
22 00," -324.3 78.9 -110.0 -260.3 142.9 -114.9 -287.9 115.8 42.3 192(147)
23 H00," -342.0 58.0 -  89.1 -289.7 110.4 -  82.4 -311.1 89.1 69.0
24 H200, (C) -327.2 71.9 -103.0 -289.8 109.3 -8 1 .3  -319.2 79.2 78.9
(a) The chemical s h if ts , 6, are expressed in  ppm with respect to  H2O, 
sh ifts  to  high frequency are positive .
(b) The resu lts  are reported for <*‘” ,>2p “ £s/3 ; for oxygen £ -  2.275 
and <r_,>2p ■ 3.925 (au).
(c) Molecular geometry from Reference (70b).
(d) Molecular geometry from Reference (40).
It is instructing to compare the present CNDO/S calculations with
the other reported calculations. The CNDO/S calculation of the 170
shielding in formaldehyde predicts a chemical shift, 6, of 465.8 ppm to
high frequency of the water signal. This can be compared with the ab
initio results of 757.6, 860.3 and 858.8 ppm o b t a i n e d f r o m  various
basis sets of gauge-dependent atomic orbitals and with the experimental
value of 580 to 600 ppm. Values of 854.8, 849.9, 870.4, 679.5 and 
fl9l
643.8 ppnr J have been reported which are gauge-variant ab initio 
results using various basis sets. The CNDO/S 170 shielding constant of 
-307.7 ppm (Table 5.1) is in reasonable agreement with the experimental 
value of -375 p p m ^ ^  and has to be compared with the results of -655.7, 
-398.6, -546.1, -484.8, 503.8, -647.9, -596.2 and -587.5 ppm obtained 
from gauge-variant ab initio calculations ^ 3 .
The results for methanol, although not as striking, are also reason­
able when compared with the experimental chemical shift of -40 p p m ^ " ^ . 
Gauge-variant ab initio results of -21.8, -8.5, -22.5, -3.8, -26.2, -38 
and -44 ppm have been reported for the 170 chemical shift of methanol ^  *
In the case of carbon monoxide our CNDO/S result of 188.5 ppm for
the chemical shift compares poorly with the experimental value of
350 ppm^ ^ .  However, the 170 shielding constant calculated to be -7
-30.4 ppm is in reasonable agreement with the experimental value of 
f491-16 ppm' J. Various gauge-variant ab initio estimates of 4.73, 451.9, 
460.2, -130.61, -163.94, -171.97, -173.95 and -174.90 ppmt18’143) have 
been reported.
The unsatisfactory figure obtained for the 170 chemical shift of 
carbon monoxide probably resides with the present CNDO/S result for the 
shielding constant of water. Hie CNDO/S value of 158.1 ppm is not in
f99'\
good agreement with the experimentally obtained figure of 334 ppm^ J
roo')
and with 328.1 ppm which is a gauge-invariant ab initio result'**' .
Gauge-variant ab initio data of 331^"^, 2 6 7 2 4 9 ,  162 and 
109 p p m ^ ^  have also been reported for water.
To date few experimental values of 170 shielding constants are 
available, thus it is not yet possible to make an extensive comparison 
with calculated data.
The agreement between the theoretical results for the 170 chemical 
shifts (as calculated by means of the Pople’s GIA0-M0 method) and the 
experimental results is demonstrated in Figures 5.1 and 5.2 for the 
INDO and CNDO/S wave functions respectively.
Figures 5.1 and 5.2 show that the overall agreement between the 
experimental and calculated 170 chemical shifts is reasonable for both 
the INDO and CNDO/S series of calculations. In both cases, the correlation 
is improved by omitting those molecules and ions which have nitrogen 
directly bonded to oxygen. For the INDO data the correlation becomes 
6 '= 261.732 + 3.37014 5„, with a standard deviation of 33.7 ppm and
6Xp CcLJLC
a correlation coefficient of 0.9704. The comparable data for the CNDO/S
calculations are = -2.79672 + 1.43479 6  ^ with 30.57 ppm for theexp calc
standard deviation and 0.9804 for the correlation coefficient.
This could be due in part to additional broadening in the 170 signals 
arising from 1£tN quadrupolar relaxation causing the centre of the 
resonance to be less well defined. There is also an uncertainty due to 
solvation, protonation, and ion association effects . Many experi­
mental observations have been made on neat liquids in which hydrogen 
bonding and ion association may occur; these interactions could 
substantially modify the 170 chemical shifts. This is particularly true 
for those cases in which nitrogen is directly bonded to oxygen since
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these will tend to be the more polar species listed in Table 5.1 and thus 
be more susceptible to medium effects.
The influence of the medium on the 170 chemical shift of the nitrate 
ion is shown in Table 5.2. The experimental 170 chemical shifts of the 
nitrate ion in different media are lying between 409 and 
430 p p m ^ - ^ - ^ ^ 6 , 1 4 7 ) . We have calculated, by the CNDO/S method, the 
170 shift as 168.1 ppm for the free nitrate ion and as 242.4 ppm for 
ammonium nitrate in a minimum-energy conformation as obtained from a 
MINDO/3 geometry optimization procedure . Hie preferred conformation 
allows the close approach of a proton from the ammonium ion to the nitrate 
ion. Such a situation could arise in solution because of hydrogen bonding 
or ion-pair formation in highly concentrated solutions. The calculated 
value of 242.4 ppm, which corresponds to the shift averaged over all 
three oxygen atoms, gives a much improved agreement with the experimental 
data.
A similar example of calculated deshielding, by the CNDO/S method, 
due to the close approach of one and two protons is provided by the 
carbonate ion. Points 23 and 24, respectively, in Figure 5.2, show these 
two cases and their improved correlation, over point 22, with the 
experimental result.
In general, Table 5.1 and Figure 5.2 indicate that the CNDO/S results 
on free ions, e.g. NO2 , N02+, are in poorest agreement with the experi­
mental data. In these cases the calculated shieldings are too large, 
which tends to suggest that the experimental values refer to the presence, 
of ion association and other phenomena due to the medium.
The CNDO/S calculations on the various conformations of acetic acid, 
Table 5.1, show thar in aqueous solution the best agreement with the 
experimental 170 data is for monomeric species.
TABLE 5.2
170 chemical shifts of nitrate in various media
Species 170 chemical shift(a) Medium Reference
NHitN0 3 420 ± 6 9 M solution 
in 0.1 M NaOH
147
HNO3 414 ± 3 100% 147
HNO3 409 69% 142
NaN03 430 - 146
NO3- 410 ± 15 aqueous 131
(a) With respect to H20, high frequency shifts are positive.
The contributions, arising from various types of transitions, to 
qP for the 170 nucleus in some carbonyl compounds are given in Table 5.3. 
Both the CNDO/S and the INDO results show that the major contributions 
are due to the lowest energy n -> tt* transition. This accounts for the 
good correlation reported between this transition and the 170 chemical
('147')
shifts of doubly bound oxygen atoms ^ J.
Some contributions to the paramagnetic component of the 170 shielding 
tensor are given in Table 5.4. For the three linear species, CO, C02 and 
N02+, the largest contribution arises from the lowest energy a tt* 
transitions. For CO2 this transition corresponds with the largest value 
of the corresponding magnetic integrals. However, for CO and N02+ the 
magnetic integrals are larger for higher energy m a* transitions. In 
the case of the bent ion NO2 the lowest energy a -> tt* transitions make 
the largest contributions to the x and z components, while the smaller y 
component has major contributions from the two a -» o* transitions with 
the largest values of the magnetic integrals. For NO3 and CH20 the 
largest contributions to the z component arise from the lowest energy
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TABLE S.4
CNDO/S con trih iticns  ^  to  the paramagnetic component of the 170 shielding 
tensor for CO, 002, N02+, N02~, NOj” and CH20
Molecule Conponent Transition
Calculated 
transition  
energy(eV)
Contributions 
to aP (ppm)
Magnetic
in tegrals
(au)
CO X la  ■* 6ir* 37.556 15.1 -0.1958
X 2a 6n* 13.240 -  55.98 -0.2259
t 4tt ■* 8a* 21.628 -  164.0 -1.224y -— r 5a ■* 6ir* 6.228 -  392.06 -0.8430
y This conponent is  identical to the x conponent.
2 This component makes no contribution to  <P.
0C0 X 2a -*■ 9ir* 36.577 -  8.63 -0.109
x 4ir 12n* 27.71 -  67.09 -0.6416
t 6a -*• 9ir* 10.268 -  214.99 -0.7617
y — 8n llo* 13.894 -  142.48 -0.6834
y This conponent is  identical to the x conponent.
2 This conponent makes no contribution to o^.
[cno]* X 2o -  10n* 35.674 - 15.52 -0.1912
x 5n -  120* 29.162 -  75.41 -0.7588
t 6a -  lOn* 10.406 -  246.07 -0.8837
y—»Z 8ir -*• 11a* 13.354 - 206.10 -0.9500
y This conponent is  identical to the x conponent.
2 This conponent makes no contribution to a?.
k s r
X 4a -*■ lOn* 
6n -► 11a*
10.075
21.138
21.7 
-  28.2
0.0756
-0.2060
8a -*■ lOir* 2.732 -  895.7 -0.8445
Xr
y—
9ir -  12o* 18.334 -  34.85 -0.2205
y 3a -  12a* 29.26 -  6.15 -0.0621
4a -  12o* 25.594 -  55.84 -0.4931
5a •» llo* 23.958 -  13.80 -0.1142
7a -  11a* 16.911 -  91.5 -0.5339
8o ♦ 12a* 18.342 -  17.38 -0.1101
2 2a -*• lOir* 29.318 -  5.24 -0.0531
5a -  10rr* 10.24 - 103.26 -0.3648
6tr -  12a* 23.322 -  68.05 -0.5477
7a -  lOn* 4.69 -  349.48 -0.4452
TABLE 5.4 (Cont)
Molecule Component Transition
Calculated 
transition  
energy (eV)
Contributions 
to  oP (ppir.J
Magnetic
in tegrals
(au)
» * •
0 X 3o •* 13m* 31.738 - 9.12 -0.1000
:l#: .* KJ% 5m •* 16o* 26.893 -  58.80 -0.5456« Ny*
7o ■*• 13it* 11.373 -  79.65 -0.3125
8n 13m* 4.619 -  201.21 -0.3208
£ 11m -  14a* 14.621 -  97.87 -0.4939
t llir *■ 16a* 18.631 -  74.91 -0.4815
y —  x
y 2a •* 16a* 48.269 8.12 -0.1352
6a -* 16o* 27.590 -  28.10 -0.2676
9n *• 16a* 19.874 - 80.02 -0.5487
12n -  14a* 14.S66 -  102.03 -0.5129
z 2a -  13m* 31.739 8.09 *0.0886
6a -  13ir* 11.376 43.61 *0.1711
9n ■* 13m* 4.619 -  538.93 -0.8588
11m ■* 15a* 20.05 -  5.78 -0.0400
0II X la  -*■ 7m* 35.593 -  17.7 -0.2173
2a -  7m* 17.602 16.96 *0.1030
N H 4a -*• 7m* 8.398 - 501.59 -1.4539
Sm -  10a* 19.172 -  192.12 -1.2711
X y 3a -  10a* 26.90 -  74.24 -0.6891
r
y —*x 4a ♦ 9a* 16.817 - 23.60 -0.1372
6n -*• 8o* 9.616 -  21.07 -0.0699
6n -*■ 10a* 16.971 -  77.35 -0.4530
z 3a -* 7m* 12.848 50.49 *0.2239
Sm -*■ 9a* 13.282 25.98 ♦0.1191
6n -  7m* 3.243 -1320.69 -1.4782
(a) See footnotes (a) and (b) of Table 3.6.
n -> tt* transitions which are polarized along the z-direction and are to 
a large extent localized on the oxygen atom. Consequently these 
transition also correspond with the largest values of the corresponding 
magnetic integrals. For the NO3 ion the largest contribution to the x 
component arises from the lowest energy n - t  tt* transition with relatively 
small value for the corresponding magnetic integrals, whereas the 
appreciable contributions arising from the higher energy a tt* and 
tt o* transitions are largely due to the larger values of the 
corresponding magnetic integrals. For CH20, the x component is dominated 
by the a ^ tt* transition which corresponds with the largest value of the 
magnetic integrals. For both molecules, the smaller y component has 
major contributions from n -> a* and some a a* transitions.
It is interesting to note that the 170 nucleus in N02~ experiences 
a high frequency shift of ca. 250 ppm compared with than in N03~, which 
is identical to the high frequency shift observed for the 1I+N nucleus in 
N02 compared with that in N03 . In both cases, the observed deshielding 
may be attributed to the presence of low-energy excitations in N02 , as 
the corresponding magnetic integrals are of comparable magnitudes in both 
ions and do not contribute to the observed deshielding.
In dealing with relative chemical shift trends many of the 
inaccuracies introduced by semi-empirical calculations cancel, thus 
providing reasonable agreement between theory and experiment . However 
a more searching examination of a theoretical treatment is provided by 
comparing the individual components of the shielding tensor, its average 
value and anisotropy with experiment.
In the present study, the INDO calculations, although predicting a 
170 chemical shift trend in satisfactory agreement with experiment, failed 
to give reasonable estimates of the average value of shielding tensor and
its anisotropy. On. the other hand, the CNDO/S parametrization gives 
shielding constants and anisotropies in satisfactory agreement with 
experiment.
The CNDO/S results for the principal components of the paramagnetic 
component of the shielding tensor and its anisotropy, Aa^, are presented 
in Table 5.5.
For carbon monoxide the CNDO/S result of 627 ppm for the 170 shielding 
anisotropy is in good agreement with the experimental value of 640 ppm, 
compared with the gauge-dependent ab initio data reported as 520.1 ,
839.1 C98) and 53.8 ppm<100b  . \
In the case of carbon dioxide the calculated 170 shielding anisotropy 
is close to the ab initio figure of 437.5 p p m ^ ^ . For formaldehyde, the 
CNDO/S figure of 775.3 ppm for the 170 shielding anisotropy is in satis­
factory agreement with the experimental value of 865 ± 300 ppm obtained 
from spin rotation d a t a ^ ^ ,  compared with ab initio results of 
1 4 2 5 . 4 ^ ^  and 1493.9 p p m ^ ^ . In the case of methanol, the CNDO/S 
figure of 107.2 for the 170 anisotropy is in reasonable agreement with 
the ab initio results of 82.3^^ and 89.6 p p m ^ ^ .
The calculated 170 shielding anisotropy is found to decrease along the 
series HCHO, CH3CH0, (CH3)2C0, HC0NH2 and (NH2)2C0. This reflects a decrease 
in the z component of the paramagnetic term in the shielding tensor corres­
ponding to an increase in energy of the lowest n ■* ir* transition along the 
series. Ab initio calculations of the 170 anisotropy of CH3CH0 and HC0NH2 
are reported to be 1295.7^^ and 718.3 ppm^*^ compared with CNDO/S data 
of 685.3 and 557.6 ppm, respectively.
In the case of formic acid, the carbonyl oxygen is predicted to have 
the larger anisotropy in agreement with other workers ; however, our
TABLE 5.5
CNDO/S results for the principal components of the 
paramagnetic term in the 170 shielding tensor 
and its anisotropy Acrp (ppm)
Molecule Axis
0
II
C
H X H
0
chs ch3
0
,c.
Calculated^ mental(85)
a p a p a p Aap Aa xx yy zz
CO t -627.0 -627.0 0.0 627.0 640
OCO | -432.0 -432.0 0.0 432.0
y — >z
CH3 ~ ° x  I -296.1 -236.0 - 158.9 107.2
H y— >x
f -687.7 -190.6 -1244.2 775.3 865
y— x
H I -588.2 -191.8 -1166.0 685.3
' \
c h3 h
/ c  y— *x
o ■
I] I -590.8 -189.8 -1097.9 654.5
/  \  y— *x
| -586.6 -207.8 -944.3 557.6
/  \  y~*x
H NH,
0
[j | -557.0 -221.0 - 736.8 425.9
n h2 n h2
TABLE 5.5 (Cont)
Molecule Axis
Calculated^ Experi­mental (85)
a PXX a Pyy
a P zz AaP Aa
*
0
II
CL JH
z
y— vx
-584.1 -199.1 - 941.3 563.6
0II
y  h zf -213.5 -224.5 - 391.1 94.3
/  \  * /  
H X  0
y— »x
*
0
II
/ C  c h 3 
c h 3 0
z
T
y— *x
-515.2 -186.1 - 887.6 515.3
0
II
c c h 3
/  N 6/
c h 3
z
t
y— *x
-201.4 -230.0 - 376.8 102.0
0=
:l:
.>c-.
0- *0
z
t
y—
-424.9 -182.1 - 256.6 340.7
0N0+ z
y ^ x
-543.1 -543.1 0.0 543.1
°* - '°
t
y — *x
-955.3 -188.6 - 605.1 591.6
0"
:ls.
o- ’*-0
z
f
y-*x
-527.7 -220.7 - 489.0 287.6
TABLE 5.5 (Cont)
Molecule Axis
Calculated^ Experi­mental (85)
a PXX a Pyy
a P 
zz AqP Aa
/ ° \  
c h 3 c h 3
z
t
y— >x
-153.1 -239.4 -  237.6 85.4
H H
z
T
y — x
-149.0 -253.8 -  315.0 135.4
(a) See footnotes (a) and (c) of Table 3.2.
results are not in close agreement with their data of 777.35 and 
250.6 ppm for the carbonyl and hydroxyl oxygens, respectively. For 
(CH3)20 our calculated anisotropy is comparable to the ab initio 
r e s u l t o f  35.0 ppm. For water, the CMDQ/S calculation gives a value 
of 135.4 ppm for the 170 anisotropy compared with the ab initio result 
of 44.8 p p m ^ ^ .
The CNDO/S results reported here for the 170 shielding constants and 
anisotropies are in most cases reasonable. However, more experimental 
data are required in order to obtain a more searching examination of the 
calculated shielding constants and their anisotropies.
CHAPTER SIX
Fl u o r i n e  Ch e m i c a l  Sh i f t s
6.1 Introduction -
The isotope 1SF (I = \) occurs in 1001 natural abundance and has 
almost the same sensitivity to NMR detection as the proton. Thus 19F is 
an ideal nucleus for NMR investigation.
The existence of a wide variety of fluorine-containing compounds 
due to its univalency and reactivity towards many elements, together with 
the large range of chemical shifts experienced by fluorine nuclei, have 
made 19F NMR spectroscopy an attractive tool for the study of the nature 
of electronic effects and their modes of transmission in molecules.
Ab initio calculations by Ditchfield^*'*'^ have employed a basis 
set of GIAO’s within the perturbed Hartree-Fock framework. The calculated 
shielding and spin-rotation constants, associated with the nuclei in LiH 
and H F ^ ^  give good agreement with the experimental values and with 
those obtained from other perturbed Hartree-Fock calculations(14,152) 
employing highly extended basis sets. The c a l c u l a t e d 19F chemical 
shift of -74 ppm for CH3F, with respect to HF, is in good agreement with 
the observed value o f -76 ppm.
Ditchfield^^ has recently used the same approach to calculate the 
*H and 19F chemical shifts in the FHF~, relative to HF. Although the 
result of the proton shift is in excellent agreement with experiment, 
that for fluorine is in much poorer agreement. This has been attributed 
to the marked sensitivity of fluorine shielding to solvent effects .
The perturbed Hartree-Fock theory employing a minimal basis set of s 
and p orbitals has failed to produce quantitative agreement with the 
observed 19F chemical shift anisotropy in methyl f l u o r i d e . This 
has led Appleman et a l ^ ^  to suggest that improvement can only be
achieved by adding 3d orbitals on both the carbon and fluorine nuclei
and 2p orbitals on the proton to the basis set.
Saika and Slichter^^ have shown that relative 19F chemical shifts
are dominated by changes in the local paramagnetic term. Since this term
is zero for the spherically symmetrical F ion the low frequency shift
of the partly ionic HF molecule, relative to the non-ionic F2 is
{27} •attributed to the value of the local paramagnetic t e m  in F2 .
Uncoupled Hartree-Fock calculations, with standard INDO parameters, 
based upon equation {2.21}, have been reported for some first row binary 
fluoridesincluding 0F2, NF3 , NF4+, CFt*, BF3, BFif”, BeF2 and LiF. 
These calculations neglect contributions arising from the diamagnetic = 
term, hence, the observed 19F chemical shifts are compared with the 
changes in paramagnetic shielding, referred to F2.
For the three isoelectronic, tetrahedral species BFt*”, CFi* and NFi*+,
both calculation and experiment show^^ that the 19F resonance is
shifted to higher frequencies as the electronegativity of the central 
atom increases. This is attributed t o ^ ^  a lowering of the electronic 
excitation energies, resulting from increased covalent character of the 
XF bond, along this series. '
The uncoupled Hartree-Fock method in conjunction with CNDO/2 . 
parametrization has failed to reproduce the experimental 19F chemical 
shifts of some substituted fluorothiophenes^^. Better agreement is
fl55')
obtained^ J when the AEE approximation is invoked for the paramagnetic 
shielding term.
The 19F chemical shifts of some p-substituted. fluorobenzenes^^ 
and 4-substituted, 41fluoro-trans-stilbenes^^ have been satisfactorily 
accounted for by the AEE approximation within the PPP tt only MO framework.
However, less satisfactory agreement with the experimental results is 
found when INDO data are employed .
The Karplus and Pople method^1- \  originally developed for 13C 
chemical shifts in conjugated molecules, has been employed by Wu and 
D a i l e y t o  account for the 19F chemical shifts of some fluorobenzenes
Karplus and Das have successfully applied the AEE approximation 
to account for the 19F chemical shift changes in multifluorobenzenes.
In their treatment, however, contributions to the 19F shielding constants 
are restricted to those arising from electrons localized on the atom in . 
question. Furthermore, they have expressed the 19F chemical shifts in 
terms of the localized bond properties (ionic character, hybridization, 
and double bond character). Of particular interest is their observation 
that CF double bonding plays an important role in these molecules.
Prosser and G o o d m a n h a v e  extended the Karplus and Das treatment
by including contributions arising from electrons localized on the
adjacent carbon atom. Thus the 19F chemical shifts are expressed in 
terms of carbon -jr-charge density, fluorine tt- charge density and the 
carbon-fluorine ir-bond order. The 19F chemical shifts in conjugated 
molecules are shown to be determined chiefly by the latter two of these 
factors .
The same approach has been employed in order to account for the 19F 
chemical shifts in some p-substituted fluorobenzenes .
In an attempt to calculate the 19F chemical shifts of some fluoro­
benzenes, Davies has employed the Prosser and Goodman treatment in 
conjunction with CNDO/2 data. However, the calculations^^ are 
unsatisfactory in that a negative value for the average excitation energy
must be used in order to reproduce the observed shifts.
Attempts to interpret 19F chemical shifts of fluorocarbons in terms of 
local diamagnetic and paramagnetic contributions to the 19F shielding are 
usually met with little success. This is probably due to the high 
electronegativity of fluorine which produces large electric dipoles. 
Consequently, the interatomic contributions in equation {1.32}, particularly 
those due to electric field effects, become important. Contributions due 
to electric field effects are usually treated less rigorously in terms of 
electrostatic c o n s i d e r a t i o n s . Thus, the observed 19F chemical shifts 
are usually interpreted by
^obs ~ ^electronic + ^electric * {6.1}
The presence of intramolecular electric field effects is usually 
invoked to discuss the observed 19F chemical shift trends in aliphatic 
and, to a lesser extent, aromatic fluorocarbons.
Intramolecular electric field theory has been successfully applied 
to the calculation of 19F chemical shifts in some fluorinated derivatives 
of alkanes^*^, cyclopropanes , cyclobutanes , cyclopentenes , 
cyclohexanes , cyclohexenes and bicyclo-2,2,1 heptanes 9 and 
in some conjugated fluoro molecules 0-56,164,169) ^
Attempts were also made to correlate the 19F chemical shifts with
reactivity parameters and charge densities. A compilation of the various
empirical correlations reported for 19F chemical shifts is available 
(7 31elsewhere^ J .
6.2 Results and Discussion
In the present work, 19F shielding tensors have been calculated by 
means of Pople’s GIA0-M3 method in conjunction with the INDO and CNDO/S 
wave functions. In order to document the performance of Pople’s GIAO-MO
method for calculating 19F shielding tensors, a wide variety of 
fluorine-containing molecules are considered. These include some first 
row binary fluorides, some aliphatic fluorocarbons and some fluorinated 
benzenes.
In addition to reporting the calculated average value of the 19F 
shielding tensor, the principal components of the paramagnetic 
contribution and its anisotropy are also presented. The 19F chemical
shifts are presented with respect to the fluorine molecule.
cl .. ■ • ■
The results obtained are presented in Tables 6.1 and 6.2 for the 
INDO and. CNDO/S calculations respectively. The pertinent experimental 
results are given in Table 6.1.
The results presented in Tables 6.1 and 6.2 show that the calculated
differences in 19F shielding arise almost entirely from changes in
(although not listed in Tables 6.1 and 6.2, values of can be calculated
from cr-P = i  (cr^  + + cr^l). The variation in is within 2 ppm, or
j a a  y y  i* l
less than 1% of the experimental 19F chemical shift differences presented 
in Table 6.1. An overall average value of 472.7 ppm for is obtained 
from both the INDO and CNDO/S calculations.
Contributions to the 19F shielding due t0 aj?0nloc are negli&ible 
except for molecules like F2, F-C=C-H and CH2=CHF which have the values 
-2.66, -1.93 and 1.04 ppm respectively. However, contributions arising 
from a^on^oc are in all cases negligible and do not exceed 0.2 ppm.
Several gauge-variant ab initio calculations have been reported 
for F2 molecule yielding the following data for the anisotropy Aa and 
the absolute shielding constant respectively, 306.8 and 283 p p m ^ “*"^ , 
1064.7 and -221.4 p p m ^ ^ ,  1029 and -200 p p m a n d  1144 and 
-276 ppm1 , While being in close agreement with the experimental data
TACIT 6.1
l *F shieldings and chemical sh if ts  calculated from INDO data, compared with experimental resu lts
No
x C a lcu la ted ^  (ppu>) Experimental (ppm)
■JU,
M olecule^ o j  ^  6 ^  Aa(8S) aA(85) 6(a)
1 Fj -900.2 -900.2 0.0 900.2 -132.6 0.0 1050 ± SO -210 ± 25 0.0
2 * 72.2 -552.0 -399.0 403.3 130.4 -263.0 -174{161*
3 -  32.7 -398.5 -398.5 365.8 196.0 -328.6 390 ± 60 45 ± 10 -28Sfc)
F ' /  \  75 ± 10
F
4 I+ -  22.0 -662.6 -662.6 640.6 20.4 -153.0 -213(c)
F F
5 f -  22.6 -419.6 -698.7 536.6 94.0 -226.6
V S
?
6 *N. -1 8 .5  -440.6 -498.6 451.1 153.4 -286.0
t* p 
F *
F
7 n— -  73.5 -415.6 -495.6 382.1 146.8 -279.4 -336.7(c)
F^
8------m---v -  71.8 -420.1 -512.1 394.3 138.9 -271.5 -296fc)
/ \
F F
\  / F
9 N-N^ -  80.1 -351.4 -417.1 304.2 190.0 -322.6 -369(c)
V  F
' f
10 -  68.3 -181.2 -310.0 177.3 287.1 -419.7 -5SS(c)
F F
F
I-
U  -  23.S -169.9 -169.9 146.4 354.2 -486.8 -57S(c)
F F F
12 F-Be-F -236.5 -236.5 0 .0  -236.5 315.1 -447.7 - 5 9 9 ^
13 LiF -206.1 -206.1 0 .0  206.1 337.5 -470.1 1S9 ± 20 374 ± 20 -640(161)
369 * 20
14 F-CsC-H -313.1 -313.1 0 .0  313.1 261.6 -394.2 284 t  10
15 F-C3C-F -327.8 -327.8 0 .0  327.8 251.5 -384.1
16 CFs-C=C-F -291.2 -291.2 -  5.8 285.4 274.4 -407.0
17 tHj,<HF -  64.5 -249.4 -296.5 208.5 270.5 -403.1 303 ± 10 -542(161)
18 Qli-CFj - 5 4 .2  -255.4 -300.4 223.7 270.4 -403.0 270+10  -5 K /161*
TABLE 6.1 (Cont)
No
X
L -
C a lcu la ted ^ (ppm) Experimental (ppm)
M olecule^ a jX a o ?yy o Pzz
a  P(b) °A
6(a) Ao <85> ° / e5) j W
19
H\  /F
F H
- 61.8 -262.3 -288.3 213.5 269.2 -401.8 376 ± 10 -6 is t161)
20 C = Cp' N -  63.5 -263.3 -292.8 214.6 267.0 -399.6 354 t 10 . 5 9 4 ^
21 CFj -CFj -  54.4 -267.8 -285.2 222.1 270.9 -403.9 325 ± 10 -564<161)
22 f
V  "
F
- 23.0 -308.8 -308.8 285.8 259.5 -397.1 157 t 10 
66 £ 8
468 * 20 -TOl^161)
23 / i \H
- 29.2 -287.1 -295.0 261.8 269.4 -402.0 80 ± 3 
35 ± 20
274 ± 10 -SO?*161*
F
24 - 31.6 -275.9 -275.9 244.3 279.2 -411.8 259 ± 10 -491(c)
25 CFj-CHi -  26.3 -250.2 -269.7 233.6 291.4 -424.0 64 ± 5 255 ± 10 -492^161>
26 CF,-CF, -  27.5 -269.3 -279.7 247.0 280.8 -413.4 -520<162>
27 CF,-C=C-H - 25.2 -244.8 -265.3 229.9 295.0 -427.5 42 * 6 234 ± 10
28 CF,-GC-F -  25.7 -243.1 -259.4 225.5 297.4 -430.0
29 CFj-C=C-CFs
F
I
-  22.0 -239.6 -248.7 222.1 303.2 -435.8 48 250 ± 10 -486<161>
30
F
1
-  50.3 -215.6 -266.6 190.8 296.5 -429.1 87 ± 30 
102 ± 10
334 ± 10 
302 ± 10
-542<161>
31 (hr* -  51.7 -221.4 -268.0 193.0 293.4 -426.0 117 ± 5 328 ± 10 -568(161)
32
33
F
4 >
- 5 3 . 4  -215.7 -267.1 188.0 294.5 -427.1 101 ± 6 299 ± 10 -S34(161)
- 4 9 . 7 - 2 1 7 . 6  -265.2 191.7 2 9 6 . 4 - 4 2 9 . 0  23 ± 5 309 ± 10 -SS1(161)
34
F ^  F
35 M  F‘
36 T o T *  F’
-  53.3 -218.3 -269.7 190.7 293.5 -426.1
-  51.3 -233.8 -272.7 201.9 287.6 -420.2
-  52.7 -225.6 -270.0 195.1 291.1 -423.7
101 ± 5 297 ± 10 -5 3 9 ^ } }
-S30(161)
-565
-591
(161)
(161)
TABLE 6.1 (Cont)
No
£ C a lcu la ted ^  (ppm) Experimental (ppm)
y -* z
Molecule^ o PXX o ?yy • » p top(b) aA
5(a) Ac(85) , ACSS, « « ■
F1 - 50.9 -223.9 -266.2 194.1 293.4 -426.0 .575(161)
F2 - 54.1 -223.6 -269.5 192.4 291.5 -424.1 -S66^161>
F* - S I.8 -217.1 -267.3 190.4 295.2 -427.6 -548<161>
F1 - 50.6 -238.3 -270.4 203.7 287.1 -415.7 _585(i6 i)
F2 -  54.0 -227.9 -272.0 195.9 289.2 -421.8 _553f161)
F* - 53.1 -222.8 -271.1 193.8 291.6 -424.2 -536d6l)
F1 - 53.0 -234.3 -273.1 200.7 286.7 -419.3 . - 5 8 6 0 “ )
F2 - 52.5 -227.8 -270.8 196.8 289.3 -421.9 -569<161>
- 51.4 -227.0 -270.8 197.5 290.6 -423.2 122 ± 4 329 ± 10 .572(161)
F1 -  54.6 -237.7 -277.0 202.7 283.7 -416.3 -582 1^61^
F2 - 51.1 -239.8 -274.3 205.9 285.1 -417.7 —591 (16l-)
F1 - 53.4 -231.0 -272.3 198.2 287.4 -420.0 -568 d61)
- 53.7 -244.0 -279.1 207.8 281.1 -413.7 154 ± 5 352 ± 10 .593(16!)
37
38
39
4 r '
F*
F1
42 FJ
F»
F2
F
F
F 
Fl
46 |
*
F
5° F“ ^ ^ " " ^ ^ ” F ~192*9 '  78,3 ~213-5 124*9 311 1 -443*7 78(163) • -S48(161)
(a) I9F chemical sh ifts  with respect to F2, sh ifts  to  high frequency are positive .
(b) See footnote (a) of Table 3.2.
(c) Taken from Reference (106), Chapter 11.
S
(d) For au ltifluo rinated  benzenes containing non-equivalent fluorine atoms, the 
axes are defined for individual F atoms such th a t the corresponding C-F bond 
is  along the x direction .
(e) Values o f o.P can be calculated from o.P « i ( o P  + a P * a P ) .A A 3 v xx yy zz J
TABLE 6.2
19 F shieldings and chemical shifts (ppm)
calculated from CNDO/S data
No Molecule a ?
XX
P P a r a r yy zz~ Aa aA 6
1 f2 -1008.8 -1008.8 0.0 1008.8 -205.3 0.0
2 o f 2 - 7.5 - 483.6 -428.7 448.7 165.0-370.3
3 n f 3 - 8.8 - 429.6 -409.6 410.8 189.3 -394.6
4 ■n f *+ - 7.8 - 692.4 -692.4 684.6 5.3 -210.6
5 f n o2 - 3.8 - 529.8 -726.9 624.5 52.9 -258.2
6 o n f3 - 5.9 - 514.0 -548.5 525.4 115.6 -320.6
7 trans-N2F2 - 46.9 - 404.1 -509.9 85.5 155.5 -360.8
8 cis-N2F2 - 52.9 - 419.5 -524.4 419.1 141.1 -346.4
9 N2F* - 51.1 - 379.4 -459.3 353.3 176.6 -381.9
10 b f 3 - 59.4 - 305.2 -471.4 328.9 195.6 -400.9
11 BF^” - 11.2 - 289.4 -289.4 278.2 278.3 -483.6
12
13
14
— — — — — '
F-CeC-H - 384.4 - 384.4 0.0 384.4 213.0 -418.3
15 F-CeC-F - 402.4 - 402.4 0.0 402.4 200.9 -406.2
16 CF3-CeC-F - 361.4 - 361.4 - 4.1 357.3 227.3 -432.6
17 c h 2=chf - 50.4 - 282.2 -353.0 267.2 246.8 -452.1
18 c h 2=c f 2 - 37.9 - 317.5 -375.0 308.3 230.7 -436.0
19 trans-CHF=CHF - 51.6 - 286.6 -346.5 264.9 245.8 -451.1
20 cis-CHF=CHF - 52.8 - 285.8 -358.1 269.1 242.1 -447.4
21 c f 2=c f 2 - 42.2 - 324.5 -376.9 308.5 226.0 -431.3
22 c h 3f - 6.4 - 323.0 -323.0 316.6 255.7 -461.0
23 c f 3h - 10.7 - 346.6 -366.9 346.0 231.4 -436.7
24 CFs* - 10.9 - 392.1-392.1 381.2 207.3 -412.6
25 c f 3-c h 3 - 44.9 - 327.2 -315.1 276.2 243.8 -449.1
26 c f 3-c f 3 - 45.2 - 333.4 -315.0 279.0 241.4 -446.7
27 c f 3-c=c-h - 11.7 - 330.0 -353.5 330.0 241.0 -446.3
28 c f 3-c=c-f - 12.0 - 328.7 -359.1 331.9 259.3 -444.7
29 c f 3-c=c -c f3 - 9.1 - 313.2 -328.1 311.5 255.8 -461.1
30 C6H sF - . 40.4 - 356.0 -327.6 251.4 266.9 -472.2
31 1,2-C6HifF2 - 42.5 - 261.2 -331.2 253.7 263.1 -468.4
32 1,3-C6H,F2 - 40.4 - 256.7 -320.4 248.1 269.2 -474.5
TABLE 6.2 CCont)
No Molecule a PXX a P a P yy zz Aa aA 6
33 1,4-C6H^F2 - 40.8 - 256.4 -324.9 249.8 267.6 -472.9
34 1,3,5-CgH3F3 - 40.3 - 258.5 -319.6 248.7 268.8 -474.1
35 1,2,6-C6H3F3 F1 - 43.5 - 266.4 -340.3 259.8 257.8 -463.1
36 F2 - 43.1 - 260.6 -325.4 249.9 265.1 -470.4
37 1,2,4-CsH 3F3 F 1 - 42.8 - 257.5 -329.0 250.4 264.9 -470.2
38 F2 - 42.7 - 261.8 -327.7 252.0 264.1 -469.4
39 F3 - 40.9 - 255.9 -323.3 248.7 268.3-473.6
40 1,2,4,6-QH^ F1 - 44.4 - 265.9 -338.9 258.0 258.0 -463.3
41 F2 - 42.5 - 265.3 -326.9 253.6 263.2 -468.5
42 F3 - 41.4 - 259.4 -327.7 252.1 265.4 -470.7
43 1,2,5,6-C#^ F1 - 44.5 - 264.7 -335.3 255.5 259.6 -464.9
44 F2 - 43.1 - 261.1-328.7 251.8 262.4 -467.7
45 1,2,4,5-C6H2F.» - 43.1 - 263.1 -329.6 253.2 262.7 -468.0
46 c 6h f 5 F1 - 44.2 - 270.2 -337.2 259.5 257.2 -462.5
47 F2 - 44.2 - 269.6 -336.9 259.0 257.6 -462.9
48 F3 - 43.8 - 264.6 -328.4 252.7 261.1 -466.4
49 C6Fe - 44.7 - 275.0 -340.7 263.1 254.3 -459.6
50 F-CeH^-CsH^-F 295.7 78.8 -313.7 225.9 251.1 -456.4
(a) See footnotes (a), (b) and (d) of Table 6.1.
(b) Experimental data are given in Table 6.1.
(c) Molecular axes are those depicted in Table 6.1.
(Table 6.1) in some cases, they suffer from problems associated with 
gauge variability. This can be seen in the last two sets of data which 
correspond to the vector potential origins at the electronic centre of 
charge and at the fluorine nucleus respectively. Gauge-invariant ab 
initio calculations for F2 give values of 993.1 and -173.7 p p m ^ ^  for 
Aa and a^ respectively; the present CNDO/S estimates of 1008.8 and 
-205.3 ppm for A a and a^ respectively, compare favourably with the 
experimental values of 1050 ± 50 and -210 ± 25 for A a and a^ 
respectively.
The present CNDO/S calculations for F2 indicate that the lowest
energy tt -*■ a* transition (8.074 eV) with a value of -2.8059 (a.u) for
the corresponding magnetic integral, is the only transition with the
/
right symmetry requirement to contribute to the observed paramagnetic 
component of the 19F shielding tensor.
For NF3, the 19F shielding anisotropy A a is correctly predicted by 
both the INDO and CNDO/S calculations. However, the corresponding 
shielding constant, a^, is overestimated in both cases.
In the case of LiF, the reported ab initio results for Aa and a^ 
are respectively 143.8 and 382.0 p p m ^ ^ ,  which are in good agreement 
with the experimental results and has to be compared with our INDO 
estimates of 206.1 and 337.5 ppm for Aa and a^ respectively.
For fluorocarbons, the present calculations at both the INDO and 
CNDO/S levels are unable to satisfactorily rationalize the observed 19F 
shieldings and chemical shifts. The 19F shielding anisotropies for these 
molecules are systematically overestimated by both the INDO and CNDO/S 
series of calculations. On the other hand, the calculated 19F shielding 
constants, although in reasonable agreement with the experimental results 
in some cases,
show only small variations for fluorine nuclei in different electronic 
environments.
For aliphatic fluorocarbons, the calculated 19F chemical shifts 
remain reasonably constant for a variety of molecules. This may provide 
a justification for the widely used a s s u m p t i o n t h a t  for aliphatic 
fluorocarbons, 6e^ ctron£c remains constant and that variation in 19F 
shielding in these molecules may be accounted for satisfactorily in 
terms of electric field contributions (5e^ectr£c)•
For aromatic fluorocarbons, although gross 19F chemical shift trend 
is reasonably reproduced in some cases, marked deviations are encountered - 
for fluorine nuclei in a position ortho to a substituent. This is the 
so-called 1 ortho effect1; whenever two fluorine atoms are in ortho 
positions to one another a low frequency shift of about 20 ppm is 
produced. Such 1ortho effects1 can be accounted for satisfactorily in 
terms of electric field contributions^-^ .
The nature of the 19F shielding tensor for aromatic fluorocarbons is
worthy of comment. *The experimental 1SF shielding anisotropies for the
aromatic fluorocarbons listed in Table 6.1 are largely taken from the work
(i7Cfl
of Nehring and Saupe J, who assumed that the most shielded component of 
the 19F shielding tensor is that in the direction peipendicular to the 
plane of the molecule. However, their results for fluorobenzene are dis­
puted by a molecular beam study of Chan and Dubin^-^  which indicates 
that the most shielded component is along the C-F bond and not perpendicular 
to the plane. A value of 87 p p m ^ -^  is obtained for the 19F shielding 
anisotropy of fluorobenzene. It is of interest to note that the present 
calculations at both the INDO and CNDO/S levels suggest that the most 
shielded component is along the C-F bond for the aromatic fluorocarbons 
considered, except for 4,41-difluorobiphenyl where the most shielded
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component is that in the direction perpendicular to the molecular plane 
in agreement with the experimental findings .
In the case of the binary fluorides considered here, the situation 
is a great deal different. The satisfactory agreement found between the 
calculated and experimental 19F shielding constants and anisotropies is 
probably due to the small separation between the fluorine atom and the 
substituent which ensures that substituent effects upon the 19F ; 
shielding are more efficiently transmitted by ’ through-bond mechanisms1 
(such as inductive, mesomeric and sometimes hydrogen bonding effects), 
than by 'through-space mechanisms’ (electric field effects). The former 
may be accounted for adequately in terms of the local diamagnetic and 
paramagnetic contributions to the shielding. Thus the 19F chemical 
shifts for these molecules are expected to be dominated by the electronic 
contributions,  ^ iectronic* i11 equation {6.1}. This has been found to 
be the case, and Figures 6.1 and 6.2 show that the overall agreement ' 
between the experimental and calculated 19F chemical shifts is reasonable 
for both the INDO and CNDO/S series of calculations with the INDO showing 
the closer correlation. For the INDO calculations the least squares line 
has a standard deviation of 50 ppm and a correlation coefficient of 0.9665
This work demonstrates that in cases where electric field effects 
are relatively unimportant, the Pople's GIAO-MO foimalism in conjunction 
with the INDO and CNDO/S wavefunctions provide an adequate framework for 
discussing 19F shieldings and chemical shifts.
CONCLUSIONS AND SUGGESTIONS FOR FUTURE DEVELOPMENTS
The general theoiy of nuclear magnetic shielding was first developed 
by Ramsey in the early Fifties using second-order perturbation theory. 
However, lack of knowledge of excited states and problems associated with 
the gauge of the vector potential describing the magnetic field has 
severely limited the value of this approach for practical applications. 
Similar problems of gauge dependence are also encountered in the more 
recent coupled Hartree-Fock treatments especially when minimal basis sets 
of atomic orbitals are used. In 1962 Pople demonstrated that difficulties 
associated with the gauge can be eliminated by using an approach in which 
each MO is composed of a linear combination of Gauge-Invariant Atomic 
Orbitals (GIAO).
An acceptable theoretical treatment of nuclear magnetic shielding 
should satisfy the following basic requirements:
1. It should give magnetic shielding results which are
. independent of the gauge of the vector potential describing 
the magnetic field.
2. In order to be useful for predictive purposes, it should
provide good agreement with experiment for chemical shifts as 
well as for individual components of the shielding tensor. If 
this can be achieved then, in addition to good agreement with 
the average experimental values of the shielding tensor, a 
reasonably accurate prediction of its anisotropy should also 
be forthcoming.
3. It should be readily applied to large polyatomic molecules
of chemical interest without excessive computational efforts.
4. It should be equally applicable to most types of nuclei in a 
wide range of molecular electronic environments,
5. Finally, in order to provide an insight into various electronic 
factors governing the magnetic shielding phenomena, it should 
be amenable to detailed interpretation in terms of molecular 
electronic structure.
The main object of the present work has been to investigate the 
usefulness and limitations of Pople’s GIAO-MO approach with regard to 
the above requirements.
/
The present study clearly demonstrates that for the B, C, N, 0 and
F nuclei considered here, the value of a^ocal rema*ns r°ughly constant
for each nucleus as its chemical environment changes. The variation in
alocal as ^  most cases less than 21 of the observed chemical shift
differences experienced by various nuclei in different electronic
environments. The recent gauge-invariant ab initio calculations reported
by Ditchfield led to similar findings. In addition, the gauge-invariant
ab initio estimates of a2ocal ^or a nun^ er Sma-H molecules are in
excellent agreement with the values calculated here by Pople's GIAO-MO
method in conjunction with Slater’s rules (Section 2.8). It is worth-
while mentioning that the magnitude of the diamagnetic contribution to
the shielding constant, o^, is found to be insensitive to the choice of
the wavefunction under consideration. The overall average values of
alocal ^oun<^  f°r 0 and F nuclei are respectively 199.3, 260.0,
322.7, 397.9 and 472.7 ppm. Thus, the chemical shift differences,
observed for any one of these nuclei in chemically different environments,
are due predominantly to changes in a20cal* w^ le no significant changes 
doccur in a, ..local
In most cases considered here, contributions arising from ^ on^oc 
and ap0ni0C are found to be negligible. However, appreciable contributions 
due to a^onioc are found for the C, N and 0 nuclei when present in sp 
hybridised valence shells or in highly ionic environments.
It is noteworthy that in some of the reported gauge-variant ab initio 
calculations based on gauge-dependent coupled Hartree-Fock methods or 
those based on Ramsey’s approach, the large changes in found in these 
studies were due principally to the gauge-dependence of these methods.
In such studies, although the calculated value of must be gauge- 
invariant, if it is to be reliable, both the diamagnetic and paramagnetic 
contributions to the shielding may still depend upon the choice of gauge. 
Consequently, a change of origin in a series of calculations could lead 
to differences in these two terms whilst leaving the value of gauge- 
invariant. Furthermore, the value of may also depend considerably upon 
the gauge of the vector potential, unless highly extended basis sets are 
employed but this is seldom achieved except for the simplest diatomic 
molecules. In view of these limitations, these gauge-dependent treatments 
do not appear to constitute a practically acceptable theory of nuclear 
magnetic shielding.
The present study and calculations have showed that the ability of 
.Pople’s GIAO-MD method to satisfactorily account for the observed 
shielding tensors is critically dependent upon the choice of the wave- 
function employed. The successful application of this method depends to 
a large extent on the accuracy of the calculated singlet transition 
energies as well as the charge distribution.
Popie’s GIAO-MO method in conjunction with the CNDO/S wavefunctions 
is shown to be capable of satisfactorily accounting for the observed 
chemical shift differences, shielding constants and anisotropies for B,
C, N, 0 and F nuclei in a variety of different electronic environments.
For J1B shielding constants and anisotropies, no experimental data are 
available for comparison. However, it is anticipated that the present 
CNDO/S calculations may also provide reasonably accurate predictions of 
the 1JB shielding tensors.
It has also been demonstrated that the CNDO/2 and INDO calculations, 
although providing good agreement with experiment for chemical shift 
differences for the majority of cases considered (with the exception of 
X1B chemical shifts), failed to reproduce the observed shielding constants 
and anisotropies. It is noteworthy that the results obtained from both of 
these series of calculations are in close numerical agreement with one 
another. Consequently, by including the one-centre exchange integrals 
appropriate for the INDO modification, the calculated shieldings show no 
significant improvement.
In dealing with relative chemical shift trends, many of the 
inaccuracies inherent in various semi-empirical treatments cancel when 
considering small changes among closely related molecules and agreement 
between theory and experiment is often reasonable. However, a more 
severe test of a theoretical treatment is that it should provide good 
absolute agreement with experiment for individual components of the 
shielding tensor. The present CNDO/2 and INDO calculations, although 
reasonably reliable for chemical shift differences, do not represent a 
suitable framework for discussing various aspects of the shielding tensor. 
On the other hand, the present CNDO/S calculations prove to be successful 
in accounting for the individual components of the shielding tensor, its 
average value and anisotropy for B, C, N, 0 and F nuclei in a wide range 
of electronic environments.
In conclusion, it may be stated that Pople’s GIAO-MO method in 
conjunction with CNDO/S wave functions prove successful in accounting for 
various aspects of nuclear magnetic shielding. It is of interest to note 
that the CNDO/S results are in many cases comparable to those obtained 
from ab initio procedures and in some instances are in better agreement 
with the observed data. Furthermore, the method is computationally more 
economical than the ab initio methods and thus can be more easily applied 
to a study of magnetic shielding in large molecules.
Although the present calculations are by no means in general 
quantitative agreement with experiment, nevertheless the present approach 
represents a considerable improvement over previous semi-empirical 
calculations and lends encouragement for further developments along these, 
lines.
As a further refinement of the present theoretical treatment, it 
may be worthwhile to include the two-centre terms in the theory as well 
as to refine the wavefunction used, in such a way that more reliable 
estimates of the electronic singlet transition energies, in particular 
higher energy ones, are obtained.
Finally, it would be of interest to see whether the present 
approach is capable of satisfactorily accounting for the observed 
shielding tensors of second row nuclei.
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APPENDIX A
Integrals required in equations {2.4} and {2.5} may be written- 
in the foim
«l>li|r"IV 6 c[B - r r g)|d»> m = 0 or 3
These integrals vanish unless a = $. Non-vanishing integrals are 
evaluated using Slater type orbitals and can be expressed in terms of 
integrals over Radial and.Spherical Harmonics functions such that
^ I r ' V 2 - ra2)IV = {^ ( r ) }2r' V r 2dr
7T 2ir
1 - a
o o
=
m a
r*
{Y^mCQ^^) }2sin0ded(J) {A.l}
where
A^
m
(2n + 2-m) I 2 
(2n) I
m-2
y
na i- o
m-2
{A.2}
The values of the integrals B^, for 2s, 2p^, 2p^ „ and 2pz orbitals are 
given in Table A.I.
TABLE A.l
B^ integrals for 2s and 2p orbitals
cj)
y
2s
2Px 2p 2Pz
B
X^ 2/3 2/5 4/5 4/5
2/3 4/5 2/5 4/5
2/3 4/5 4/5 2/5
Integrals of the form <^|r m | 4)^ > are evaluated in a similar manner 
according to
^ I V  = |” {Rj^(r)}2r_mr2dr
TT 2TT
{YRm(e>(|>)}2siiieded<|)
O O
{A.3}
For a normalised Spherical Harmonics function, ^^(0,(10, the second 
integral in equation {A.3} is equal to 1. Thus,
y m+2
{A. 4}
Using equation {A. 2} for A j ^  the following expressions are obtained for
■“3 — A 0
the integrals <r > and <r > •“ ° np y
-l
APPENDIX B
The shielding tensor on atom A is a second-rank tensor:
CTxx axy axz
II
ayx ayy °yz
azx azy CTzz
{B.l}
If the A atom in a molecule lies on a mirror-reflection plane on the xz 
plane (e.g. planar systems), then the tensor must satisfy the 
following relation:
°A = ShWtfAShW {B.2>
where
1 0 0
sh(y) = 0 -1 0
0 0 1
is the matrix representation corresponding to the mirror-reflection 
operator. The above condition inposed on implies that should have 
the form
A
a 0 aXX x z
0
ayy
0
a , 0 az x z z
{B.3}
Further, if the A atom also lies on another mirror-reflection plane, the 
zy or xy plane, then the shielding tensor <3^  will be in its principal 
axis representation, i.e. becomes diagonal. This situation is found, 
for example, in linear molecules and symmetric tops in which the atom 
in question lies on two mirror-reflection planes.
When discussing shielding anisotropies, the shielding tensor 
must be in its principal axis representation in order to give a unique 
value for the anisotropy A a. This can be achieved for linear and 
symmetric top molecules sinply by a proper choice of the coordinate axes 
in relation to the mirror-reflection planes of the molecule under 
consideration. Thus for linear and symmetric top molecules the shielding 
ansiotropy, Aa, may be defined as
Aa = cjj -  Oj_ {B.4}.
where a(| refers to the shielding component along the major molecular axis 
and Oj_ is that in the direction perpendicular to it. The average value, 
aav, is then given by
°av = I  (a„ + 2oJ.) {B-S>
For less symmetrical molecules, the shielding tensor e m a y  be 
diagonalized by a similarity transformation and the shielding anisotropy, 
A a, is generally defined as
Aa = a - i (aco + a ) {B.6}aa  2 v 33 YY
where the a ^ ’s are the three principal tensor components taken in
accordance with the convention a z on0 > o where a, 3. y are either
aa 33 YY
x, y or z and
o_ = i (a + aOD + a ) {B.7}
av 3 v aa 33 YY
a_.r can also be defined as i Trace (o') and is therefore invariant under
d v  j
any similarity transformation or in other words, a is rotationally
3.V
invariant.
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